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Hedgehog Signaling in the zebrafish embryo: Role of Kif7 and DZIP1 
Chapter 1  
INTRODUCTION          
             
 
1.1.  Origin of the Hedgehog (Hh) pathway 
How diverse cell types are generated and organized to form appropriate body patterns 
remains an important question in animal development. Body segmentation and patterning 
of organs pose interesting questions for biologists to unravel. One important concept that 
was gathered from these studies is that signaling molecules such as 2nd messenger 
molecules relay signals from the receptors and target cells to specify their fate (Pan and 
Rubin, 1995) or regulate metabolic activities (Hartl and Wolfe, 1990). Therefore, much 
of the early developmental research was on creating mutagenic screens to identify 
mutants and understand the pathways that govern these processes. The use of Drosophila 
as a model in early genetics studies came from Morgan et al. efforts (Morgan, 1911). 
 
The framework of Hh pathway comes from genetic and molecular analyses in Drosophila 
animal model owing to its ease of forward genetic approach such as the use of P and M 
strains for transposon tool (Kidwell et al., 1977) and discovery of balancer chromosome 
(Muller et al., 1937) ease the maintenance in keeping the flies in their heterozygous state. 
The hedgehog (hh) gene was first identified in a genetic screen aimed at understanding 
body segmentation and development in Drosophila melanogaster (Nusslein-Volhard and 
Wieschaus, 1980). Disrupted larval body plan resulting in a duplication of the projections 
from the larval cuticle was found in hh mutants. These additional denticles gave the 
mutant embryos the appearance of a “spiky” phenotype which resembles the animal 
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hedgehog, hence its name. Hh proteins act as morphogens which have either short or long 
range effects (Caspary et al., 2002). They act in a concentration dependent manner and 
control multiple developmental processes such as neural patterning, limb development 
and muscle formation (McMahon et al., 2003; Schilling et al., 1999). Therefore, Hh 
signaling plays important roles in cell fate specification and animal development (Ingham 
and McMahon, 2001; Varjosalo and Taipale, 2008). 
 
Most of the known signaling pathways (such as Mitogen-Activated Protein Kinase and 
Chk1 checkpoint) are conserved across species (Sanchez et al., 1997; Widmann et al., 
1999).  To investigate if this is also true for the Hh pathway, genetic screens in 
vertebrates were performed.  
 
The existence of vertebrate hh genes was first reported in 1993. A collaborative effort 
between three groups  helped to identify hh genes in fish (Krauss et al., 1993) , chick 
(Riddle et al., 1993) and mouse (Echelard et al., 1993). Three mammalian hh genes were 
subsequently identified: Sonic, Indian and Desert hh (Shh, Ihh and Dhh). In the zebrafish 
model, multiple paralogs of hh genes exist due to an additional round of duplication. For 
example, shh has a paralog shhb which is subsequently renamed as tiggy winkle hh (twhh) 
(Currie and Ingham, 1996; Ekker et al., 1995; Ingham and McMahon, 2001). Hh paralogs 
work dependently with each other, and can normally compensate for each other loss 
(Echelard et al., 1993; Marigo et al., 1995). The existence of the human homolog, SHH 




It is not surprising that the Hh pathway also has similar regulatory functions in human 
development (Jacob and Lum, 2007; McMahon et al., 2003). Mis-regulation of the 
pathway has been reported in a number of human genetic diseases. For instance, down 
regulation of the Hh pathway has been implicated in birth defects such as craniofacial 
defects, holoprosencephaly and skeletal malformations (Bale, 2002; Hu and Helms, 
1999). Up-regulation of Hh activity can result in basal cell carcinomas and other kinds of 
tumor formation (Bale and Yu, 2001). Examples of known human genetic illnesses where 
Hh have been implicated in are Bardet Biedl syndrome and Gorlin’s syndrome (Bale and 
Yu, 2001; Fan et al., 1997; Ruiz i Altaba et al., 2002). Patients suffering from these 
illnesses exhibit phenotypic traits as postaxial polydactyly, facial skeletal defects and 
multiple basal cell carcinomas of the skin that are highly resemblance to Hh signaling 
defects in animal models. With the number of human diseases being linked to Hh 
regulation, it is important that this signaling pathway be thoroughly studied so that it can 
be manipulated to our advantage. 
 
Although the Hh pathway has been well characterized in Drosophila, less is known of its 
components in the animal models, let alone homo sapiens. Some vertebrate orthologs of 
the Drosophila Hh components have similar conserved functions but existence of 







1.2.  Drosophila Hedgehog Signaling Pathway 
In the Drosophila Hh pathway, there is one Hh ligand which binds to its receptor Patched 
(Ptc) (Fig 1.1). Binding of Hh to Ptc results in alleviation of its repression on a seven 
transmembrane protein Smoothened (Smo) whose domain resembles that of G-protein 
coupled receptors (GPCR) (Alcedo et al., 1996). Smo acts as a positive regulator of Hh 
pathway and activation of this protein regulates the transcription factor Cubitus 
interruptus (Ci). In response to Hh activation, the full length transcription factor, Ci-155 
is activated and translocates into the nucleus to drive Hh-dependent target genes such as 
engrailed (eng) (Aza-Blanc et al., 1997).  
 
However, in the absence of Hh, Ci-155 becomes phosphorylated and proteolysed into a 
shorter fragment, Ci-75. Ci-75 acts as a repressor, repressing the transcription of Hh 
target genes (Dominguez et al., 1996; Ingham and McMahon, 2001). The processing and 
nuclear translocation of Ci is regulated by the Hedgehog signaling complex (HSC) in the 
cytoplasm. The HSC is made up of a serine threonine kinsase Fused (Fu), a kinesin 
protein Costal2 (Cos2), the PEST domain containing protein Suppressor of Fused (Su(fu)) 
(Robbins et al., 1997; Sisson et al., 1997) and Ci. HSC remains bound to microtubules in 
the absence of Hh but dissociates when Hh signaling is activated. In the absence of Hh,  
Su(Fu) is thought to prevent the nuclear translocation of Ci, thereby dampening the 
transcription of Hh target genes (Monnier et al., 1998). Thus, the HSC is a central 


















Fig1.1 The Hedgehog pathway in Drosophila and vertebrates. The Hedgehog (Hh) pathway in 
Drosophila (A,B) and in vertebrates (C,D) in the absence (A,C) or presence (B,D) of the Hh ligand. (A) 
In the absence of Hh, Ptc prevents the cell-surface localization of Smo, and Ci forms a complex with 
Cos2, Fu and Sufu, which targets Ci for proteolytic processing into the repressor form (CiR). (B) In the 
presence of high levels of Hh ligand, Ptc inhibition is relieved; Smo accumulates at the plasma 
membrane and forms a complex with Cos2 and Fu through its C-terminal tail; Ci is activated. (C) In the 
absence of Hh, Ptc1 prevents the accumulation of Smo in cilia, possibly through the action of a small 
molecule. Gli3 is processed into a repressor form (Gli3R) in a cilia-dependent manner. The activation of 
all Gli proteins is inhibited by Sufu, Iguana (for zebrafish) and probably Cos2. (D) In the presence of 
high levels of Hh ligand, Ptc1 inhibition is relieved; Smo is targeted to cilia and activates Gli proteins in 
a cilia-dependent manner. Gli3 processing is also inhibited. p, phosphorylation; PKA, protein kinase A. 




1.3.  Vertebrate Hedgehog Signaling Pathway 
1.3.1. Genetics in Vertebrate Models 
Mus musculus (mouse) and Danio rerio (zebrafish) are two models which have been 
widely used to study the genetics of vertebrate homologs of Drosophila Hh signaling. 
The use of gene targeting in mouse (Lanske et al., 1996) and forward genetic approaches 
in zebrafish (Haffter et al., 1996) have helped to identify a number of conserved as well 
as novel components. In addition, reverse genetics using antisense morpholino 
oligonucleotide (MO) knockdown (Draper et al., 2001) in zebrafish also provided further 
insights into the Hh pathway. Morpholinos bind to either the translational start site or 
splicing junction of the pre-mRNA of interest and prevent its translation or proper 
splicing. The mis-spliced mRNAs created by the splice MO are presumably degraded 
through the non-sense mediated decay pathway before translation can occur or proteins 
translated as a result of the start MO are normally truncated which renders them non-
functional. This technique creates an efficient knockdown of the target gene. In situations 
where mutants are available, morpholino-injected embryos can phenocopy the mutants 
and be used for loss-of-function studies.  
 
One obvious difference in the components of Hh signaling between vertebrates and 
Drosophila is the number of paralogs found in vertebrates. In vertebrates, three Hh 
proteins (Bitgood et al., 1996; Chiang et al., 1996; St-Jacques et al., 1999), two Ptc 
paralogs (Ptc1 and Ptc2) (Goodrich et al., 1997) and three Ci paralogs (Gli1, Gli2 and 




1.3.2 The Signaling Cascade 
The scaffold of the Hh pathway appears to be conserved from Drosophila to vertebrates 
(Fig 1.1). Vertebrate Ptc1 functions as the receptor for Hh ligand and as a negative 
regulator of the Hh pathway (Marigo et al., 1996). When Hh binds to Ptc1, Smo will in 
turn transduce Hh signal into the cytoplasm to activate the Gli transcription factors and 
drive Hh-dependent target genes (Stone et al., 1996).  
 
Unlike the dual role of Drosophila Ci, the function of the three Gli proteins have distinct 
transcriptional activating and repressing roles. Gli1 is thought to be the main activator for 
the pathway (Aza-Blanc et al., 2000; Bai and Joyner, 2001) while Gli3 is the 
transcriptional repressor (Wang et al., 2000a). Gli2 possesses both activating and 
repressing roles. The levels of activators and repressors ultimately determine the 
differentiation of Hh-dependent cell types.   
 
1.3.3.  Role of Sonic Hedgehog 
Amongst the Hh ligands, Shh is the most well-studied protein because of its widespread 
effects on animal development. Shh plays an important role because it is widely 
expressed and has great effects in both embryonic and adult animal development. The 
expression of Shh in the notochord, floor plate and zone of polarizing activity (ZPA) in 
the posterior of limb mesenchyme makes it an ideal candidate for studying patterning of 
the neural tube and limb (Chang et al., 1994; Riddle et al., 1993). As such, genetic 
diseases such as holoproensephaly, neural tube and limb patterning defects are linked to 
mutation in the shh gene that leads to aberrant Hh signaling (Pepicelli et al., 1998).  
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Over expression of Hh can induce ectopic Hh signaling in cells which normally do not 
respond to Hh (Concordet et al., 1996; Wolff et al., 2004). Hh signaling occurs via a 
negative feedback loop which helps to restrict the spread of Hh signal, limiting its range 
of effect (Jeong and McMahon, 2005). Activation of Hh signaling will turn on Hh-
dependent target genes, including the gene for its receptor ptc1. Ptc1 in turn internalizes 
Hh into the lysosomes for degradation which results in down regulation of the pathway. 
In the vertebrate Hh pathway, a transmembrane protein Hh-interacting protein (HIP) was 
identified (Chuang and McMahon, 1999). Similar to Ptc1, it functions via a negative 
regulatory feedback loop to attenuate the Hh pathway by binding to the Hh proteins, thus 
restricting the spread of Hh ligand. 
 
1.3.4. Regulation of Smoothened Activity 
Naturally occurring compounds like the alkaloid, Cyclopamine, found in the plant 
Veratrum californicum was identified to inhibit the activity of Smo by binding to the 
protein (Chen et al., 2002a; Taipale et al., 2000). Its properties were first discovered in 
the 1950s during an outbreak of cyclopia in sheep in United States. The phenotype of 
their offspring was similar to that of mouse embryos when Hh signaling is inhibited. 
Based on this similarity, it was discovered that the compound cyclopamine can 
antagonize Hh signaling. Consequently, it is now used routinely to inhibit Hh signaling in 
research. The structural similarity between cyclopamine and sterols led to further findings 
that endogenous sterols like cholesterol and vitamin D3 derivatives can modulate Smo 
activity (Bijlsma et al., 2006). All the experiments were done using mammalian Smo and 
it was also shown that Drosophila Smo is not responsive towards these sterols. These 
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observations seems to suggest that there may be a difference in the regulation of Smo 
activity between vertebrate and Drosophila Smo by small molecules (Taipale et al., 2000).  
 
1.4. Activation of Hedgehog protein 
Hh proteins need to undergo post-translational modification before being activated. These 
steps are essential for the release of the ligand from producing cells to the receiving cells 
in order to activate the pathway (Buglino and Resh, 2008; Burke et al., 1999; Chamoun et 
al., 2001). This modification is a conserved process across species. The Hh molecule can 
catalyze its own cleavage, forming a N-terminal Hh signaling domain of approximately 
19 kDa that has an ester linked cholesterol at its C-terminal. The functional N-terminal 
domain with its cholesterol modification is able to bind to the plasma membrane of 
receiving cells. Subsequently, a palmitic acid moiety is then added to the N terminal of 
Hh to form a fully active Hh signaling molecule. On the other hand, the cleaved C-
terminal product contains an axon-targeting signal that targets it to the growth cones in 
retina cells, thought to be important for the development of the eye (Chu et al., 2006).  
 
1.5. Comparing Hedgehog Orthologs 
1.5.1. Patched  
The vertebrate homologs of Ptc, Ptc1 and Ptc2 appear to display redundancy in terms of 
their functions (Goodrich et al., 1997). Loss of Ptc1 in mice mimics the ectopic activation 
of the Hh pathway resulting in embryonic lethality. However, the loss of Ptc2 in mice 
(Nieuwenhuis et al., 2006) and zebrafish (Koudijs et al., 2005) does not result in lethality 
and mutant embryos do not exhibit any phenotype similar to ectopic Hh activation. This 
10 
 
is probably due to compensation by Ptc1 which strongly suggests that Ptc1 is the ortholog 
of Drosophila Ptc. How Ptc inhibits the activity of Smo remains unknown although 
sterols may regulate the inhibitory activity of Ptc1 on Smo (Bijlsma et al., 2006; Chen et 
al., 2002b; Frank-Kamenetsky et al., 2002; Stanton and Peng, 2010). Ptc has been shown 
to play a role in limiting or increasing the concentration of these small molecules (Callejo 
et al., 2008).  
 
1.5.2.  Smoothened 
The likelihood that Smo functions similarly in both invertebrates and vertebrates is 
possible (van den Heuvel and Ingham, 1996) given that there is only a single copy of the 
gene across the species (Akiyama et al., 1997; Zhang et al., 2001). However, structural 
analysis revealed disparity which may result in different working mechanisms between 
flies and mammals (Varjosalo et al., 2006). 
 
In the absence of Hh, Drosophila Smo (dSmo) remains unphosphorylated and this targets 
the protein for endocytosis and degradation by lysosomes. When Hh binds to its receptor 
Ptc, dSmo gets hyperphosphorylated at its C-terminal tail and creates a conformational 
change which leads to the activation of the pathway although the exact mechanism in the 
signal transduction remains unknown (Denef et al., 2000; Zhang et al., 2004). It was 
shown that phosphorylation of dSmo at 26 serine/theronine sites in the C-terminal 
cytoplasmic tail by protein kinase A (PKA) and casein kinase I (CKI) causes the 
accumulation of Smo at cell-surface (Jia et al., 2004). The accumulation of Smo at the 
cell-surface is important in transducing Hh signals.  
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An early in vitro assay showed that mammalian Smo (mSmo) appears to internalize upon 
activation of the Hh pathway unlike dSmo which accumulates at the cell surface (Denef 
et al., 2000; Incardona et al., 2002). However, a recent finding reported contradictory 
result. They showed that mSmo accumulates on primary cilia at the cell surface upon 
activation of the Hh pathway (Corbit et al., 2005; Milenkovic et al., 2009). The 
subcellular localization of Smo differs between the two organisms because primary cilia 
are not required for Hh signaling in Drosophila.  
 
Although phosphorylation of Smo is essential for activation of the Hh pathway in 
Drosophila, most of these sites for phosphorylation are not conserved in mSmo protein. 
Phosphorylation of the mammalian Smo occurs when the pathway is activated but is 
phosphorylated by another kinase known as G-protein-coupled receptor kinase 2 (Grk2) 
(Chen et al., 2004) instead of PKA and CKI in Drosophila. It also appears that the C-
terminal tail of mSmo is shorter that of the dSmo (Huangfu and Anderson, 2006). Hence, 
the difference in the activation of the vertebrate Smo, supported by evidence showing 
evolutionary change in the Smo structure suggest that the downstream targets of the Hh 
pathway once thought to be highly conserved, may have also diverged to a certain extent. 
 
1.5.3.  Hedgehog Signaling Complex (HSC) 
The HSC comprises of Fused (Fu), Suppressor of Fused (Su(fu)), Costal2 (Cos2), and 
transcription factor Ci/Gli (Lum et al., 2003; Robbins et al., 1997; Ruel et al., 2003). This 
complex has been demonstrated to play a central role in Hh signaling in Drosophila. In 
the absence of Hh ligand, the complex remains bound to microtubules and this promotes 
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cleavage of Ci into its repressor form and prevents activation of Hh-dependent target 
genes (Methot and Basler, 2000; Wang and Holmgren, 2000). Upon activation, 
components of the complex are phosphorylated and dissociate. Consequently the 
inhibition on Ci is relieved and this allows the transcription factor to be translocated into 
the nucleus to drive Hh-target genes like ptc and eng. 
 
1.5.3.1  HSC-Fused 
The serine/threonine kinase Fused (Fu) is an important component for Hh signaling in 
Drosophila (Preat et al., 1990; Therond et al., 1999). Fu is important for cell fate 
specification and affect cells that are dependent on high level of Hh signaling. Similarly 
in the Hh pathway in zebrafish, MO knockdown of fu showed that zebrafish fu has a role 
in Hh signaling. A type of slow muscle known as muscle pioneers which are found in the 
myotome, form in response to high level of Hh signaling are reduced in fu morphants 
(Wolff et al., 2003).  
 
On the other hand, mammalian Fu has an entirely different function and effect on cell fate 
specification (Merchant et al., 2005). Although ubiquitously expressed throughout the 
developing embryo, Fu knock-out mice are not embryonic lethal and can survive to 
adulthood. They do not exhibit any Hh signaling defects or phenotype. Therefore, this 
raise the possibility that an unknown related kinase may have taken over the Hh function 
of mammalian Fu. If this can be proven, then it will suggest that the Fu protein has 
acquired a different function through evolution, which may explain for its lack of 
involvement in mammalian Hh signaling. Another hypothesis will be the redundancy of 
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the mammalian Fu in the Hh pathway which will explain for the absent of obvious Hh 
phenotypes in Fu knock-out mice.  
 
1.5.3.2. HSC-Suppressor of Fused 
Suppressor of Fused (Su(Fu)) is linked to Fu both genetically and biochemically. Fu 
counters the activity of Su(Fu) when the Hh pathway is activated. Su(fu) appears to have 
minimal role in regulating Drosophila Hh activity on its own (Pham et al., 1995; Preat, 
1992). In the absence of Hh signals, Su(Fu) remains part of HSC and maintains Ci in the 
cytoplasm. Thus, Su(Fu) acts as a negative regulator which prevents the activation of the 
pathway (Monnier et al., 1998). However, Su(fu)-null mutant flies are fertile and viable, 
displaying none of the Hh phenotypes, presumably that Hh is ectopically activated in this 
mutant. The effect of Su(Fu) can only be seen when other components of the HSC such 
as Cos2 or Fu is also mutated. Thus, Su(Fu) must cooperate with these proteins to 
regulate Hh pathway activity.  
 
Although Su(fu) by itself has a minimal role in the Drosophila Hh pathway, vertebrate 
Su(fu) behaves otherwise. Morpholino knockdown against the initiation codon of Su(fu) 
in zebrafish resulted in a gain of Hh signaling as seen by alteration in muscle cell types 
that form in response to various levels of Hh (Tay et al., 2005; Wolff et al., 2003). 
However, zebrafish dreumes mutant, which encodes a mutated form of zebrafish Su(fu) 
does not exhibit any obvious Hh defective phenotypes (Koudijs et al., 2005). The 
difference between Su(fu) morphant compared to the dreumes mutant could be due to the 
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fact that the Su(fu) start MO suppresses the maternal contribution of Su(fu) mRNA which 
otherwise remains functional in the Su(fu) mutants. 
The negative role of Su(fu) in vertebrate Hh signaling is further supported by the Su(fu) 
null mice. These mice, which are embryonic lethal, display more severe effect on Hh 
signaling as compared to the zebrafish and Drosophila Su(fu) knockdown/mutants 
(Cooper et al., 2005; Varjosalo et al., 2006). Ectopic activation of Hh signaling results in 
ventralization of the cell types in neural tube. This result can be observed in the Su(fu) 
null mice. ptc1 transcription is upregulated in these mice, indicating that Hh signaling is 
highly activated. Thus, Su(fu) seems to have a more dominant role as a negative regulator 
in the vertebrate compared to the Drosophila Hh pathway.  
 
1.5.3.3. HSC- Costal2 
Costal2 (Cos2) is a kinesin-like protein that plays an important role in controlling Ci 
activity in Drosophila (Robbins et al., 1997; Sisson et al., 1997). In flies, the pathway is 
repressed or activated by CiR (Repressor) and CiA (Activator) respectively (Ruel et al., 
2003). cos2 mutants are zygotic lethal and they display a similar cuticle phenotype as ptc 
homozygous embryos (Grau and Simpson, 1987). They also exhibit expanded 
transcription domains of Hh target genes, and mirror image pattern duplications in the 
wing. Co-immunoprecipitation assay has indicated that there is a physical interaction 
between dSmo and Cos2 (Jia et al., 2003; Ogden et al., 2003). In the absence of the Hh 
ligand, Cos2 remains as part of the HSC which either binds to the transcription factor or 
promotes its cleavage into the repressor form. Upon Hh pathway activation, Cos2 forms a 
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complex with Smo through the latter’s C-terminal cytoplasmic tail. This, coupled with 
the release of the inhibition of Su(fu) on Ci, activates the pathway.  
 
Even though Drosophila Cos2 has an important role in Hh signaling, the role, if any, of a 
vertebrate Cos2 ortholog had remained debatable. The prediction of the presence of 
vertebrate Cos2 ortholog was based on assumption that the Hh pathway is conserved. 
Unlike in Drosophila Hh signaling where Cos2 binding to Smo is important in Hh signal 
transduction, vertebrate Smo lacks one of the two known binding domains for Cos2 (Jia 
et al., 2003). Furthermore, mutation of the only Cos2-binding domain in mSmo does not 
impede its normal functioning (Varjosalo et al., 2006). These studies have demonstrated 
that either the interaction between Smo and Cos2 in vertebrates is not critical in 
transducing Hh signals or the function of Cos2 is redundant (Chen et al., 2005).  
 
The first identification of a vertebrate Cos2 was reported in the zebrafish by our group 
(Tay et al., 2005) (Chapter 3). Subsequently, the mouse Cos2/Kif7 was identified 
(Cheung et al., 2009; Endoh-Yamagami et al., 2009; Liem et al., 2009). It appears that 
vertebrate Cos2/Kif7 has a similar negative regulatory role in the Hh signaling pathway 
as in Drosophila. Cos2/Kif7 interacts with Gli transcription factors and controls their 







1.6.  Cilia 
1.6.1. Introduction to Cilia 
In recent years, a notable difference between invertebrate and vertebrate Hh signaling lies 
in the primary cilium, which was once thought to be a vestigial structure in the latter. 
Studies have shown that the primary cilium plays a fundamental role in mammalian Hh 
signaling; genetic studies found that mutations of several key ciliary proteins including 
Intraflagellar transport protein 88 (Ift 88), Ift 172 results in embryonic phenotypes similar 
to loss of Hh signaling (Huangfu et al., 2003; Park et al., 2006). Some studies have also 
shown that primary cilium may act as a “platform” for the aggregation of Hh components 
where the biochemistry of signal transduction occurs. Therefore, the study of cilia 
formation (ciliogenesis) is important in understanding the vertebrate Hh signaling 
pathway. 
 
Cilia are evolutionary conserved organelles (Davenport and Yoder, 2005). They are 
microtubule-based organelles which are found in almost all eukaryotic cell types 
(Ainsworth, 2007; Pazour and Witman, 2003). There are two types of cilia - motile and 
primary cilia (Fig 1.2). The classification of the cilia is based on the structural makeup 
and motility of the organelle. Motile cilia are known to exist in our airways and kidney. 
They play important roles from fluid movement in kidney renal cells for removing waste 
to mechanosensing in the node in establishing left-right asymmetry of organs. Defects in 
cilia have been implicated in a number of human diseases collectively known as 
ciliopathies (Cardenas-Rodriguez and Badano, 2009; Fliegauf et al., 2007; Sharma et al., 




Fig1.2 Makeup of a cilium consists of the axoneme and basal body. The building block of the cilim is made 
up of microtubules which intraflagellar transport (IFT) proteins travel on. The dotted box depicts 2 cross 
sections showing the arrangement of microtubles; the primary cilium (top) and the motile cilium(bottom) 
Taken from: (Ainsworth, 2007) 
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disease (PKD) in which the absence of beating motile cilia resulted in fluid accumulation 
that causes formation of kidney cysts (Hildebrandt and Otto, 2005; Yoder, 2007).  
 
The lesser known primary cilium, has gained its publicity only in recent years when the 
organelle has been implicated in multiple signaling pathways (such as Hh and Wnt). Mis-  
regulation of  the Hh (Anderson, 2006; Caspary et al., 2007; Huangfu and Anderson, 
2005) and Wnt (Gerdes and Katsanis, 2008) pathways are now strongly associated with 
primary cilia defects. Several clinical manifestations such as obesity and diabetes are also 
linked directly to loss of primary cilia, specifically the neuronal primary cilia. (Berbari et 
al., 2009; DeRouen and Oro, 2009; Lancaster and Gleeson, 2009). Hormone receptors 
such as somatostatin sst 3 (Handel et al., 1999) and melanin-concentrating hormone 
(Berbari et al., 2008) associated with feeding behavior are localized to the cilia of the 
hypothalamus. Removal of the neuronal primary cilia, specifically from the pro-
opiomelancortine (POMC) neurons from the hypothalamus led to compulsive eating 
disorder in the mouse model (Davenport et al., 2007). Therefore, understanding 
ciliogenesis is not only important to decipher Hh signaling, but also vital to our 
understanding of a number of human diseases.   
 
Ciliogenesis was first appreciated in the single celled green algae Chlamydomonas 
reinhardtii (Cole et al., 1998; Kozminski et al., 1993)). Subsequently, Cole et al. 
described the significance of a mechanism in Chlamydomonas where intraflagellar 
transport (IFT) proteins move in and out of the cilium which is important in the assembly 
of the axoneme (Cole et al., 1998). This movement is known as anterograde and 
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retrograde movement respectively. IFT is required for the maintenance and functionality 
of cilia and there exist different IFTs that are involved in the up and down movement 
within the cilia. (Pedersen and Rosenbaum, 2008; Rosenbaum and Witman, 2002; Snell 
et al., 2004). Anterograde trafficking depends on kinesin-2 proteins. A complex formed 
by two subfamily proteins KIF3A and KIF3B and a KIF-associated protein 3 (KAP3); 
KAP3 allows movement towards the tip of the cilia. Retrograde trafficking is dependent 
on cytoplasmic dynein 2 heavy chain (DYNC2H1). Disruption of any of the components 
results in absent or shortened cilia (May et al., 2005; Pazour et al., 2000).  
 
1.6.2. Structure of the cilium 
1.6.2.1.  Axoneme 
Both cilia and flagella have a microtubule body called “axoneme” (Snell et al., 2004). 
Cross section reveals that all the axonemes have a nine peripheral microtubule doublet 
arrangement (Fig 1.2). In motile cilia, there exists a central pair of microtubules (the 9+2 
arrangement). The presence of inner and outer dynein arms in the motile cilia axonemes 
confer them motility, allowing the cilia to beat (Fowkes and Mitchell, 1998). Primary 
cilia lack the central pair of microtubules (the 9+0 arrangement). They also lack the 
dynein arms for beating, thus they are also known as immotile cilia.  
 
1.6.2.2. Basal Body 
The axoneme is anchored to the cell surface by a basal body which originates from the 
mother centriole. Ciliogenesis is tightly coupled with the cell cycle because cilia are 
formed post-mitotically when cells are in the G0/G1 phase or in non-dividing cells 
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(Cardenas-Rodriguez and Badano, 2009; Fliegauf et al., 2007). When the cell enters S 
phase, centrioles which are initially at the base of the cilia, will be required for mitotic 
spindle assembly and they will migrate to the two ends of the cells, causing the 
degradation of the cilia. How the cilia are disassembled is unclear although a centrosomal 
protein, AuroraA, has been shown to promote the deacetylation of axonemal tubulin, 
resulting in destabilization of the structure (Pugacheva et al., 2007). A centrosomal 
protein, CP110, which is involved in duplication of centrosome and cytokinesis can 
inhibit cilia formation through interaction with another centrosomal protein CEP290 
(Tsang et al., 2008). Depletion of CP110 and another centrosomal protein CEP 97 
through the use of siRNA promotes the formation of cilia-like structure in growing cells 
while overexpressing it suppresses the cilia formation in quiescent cells (Spektor et al., 
2007).  
 
Basal body docking is an important process in ciliogenesis (Sorokin, 1962; Sorokin, 
1968). During quiescent cell state when cilia are present, the basal body docks to the 
plasma membrane and allows the axoneme to extend from there. The formation of the 
ciliary membrane is not well understood. Whether it originates from the existing plasma 
membrane or it is newly formed when IFTs build the axoneme remains to be seen 
(Emmer et al., 2010). In the chicken talpid mutant, failure of the basal body to dock 
apically with the plasma membrane results in absence of cilia (Yin et al., 2009). talpid 
encodes a centrosomal protein which shows that centrosomal proteins play a role in 
ciliogenesis. What cues direct the mother centriole to position itself apically at the plasma 
membrane remains to be solved.  
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1.7.  Primary Cilia 
1.7.1. Primary cilium and Hedgehog 
The mechanism in the assembly of cilia by IFTs was found to be conserved across many 
species (Cole et al., 1998; Kozminski et al., 1993). However, the importance of primary 
cilia for signaling pathways in vertebrates became known only in 2003 (Huangfu et al., 
2003). Hh pathway was discovered to be dependent on primary cilia for signal 
transduction based on phenotypic similarity between mouse Hh and cilia mutants. That 
was a significant breakthrough in understanding Hh signaling, especially in terms of 
mechanistically differentiating Hh transduction in Drosophila and vertebrates. It was 
through a mouse genetic screen that Huangfu et al. discovered the role of primary cilia in 
Hh signaling. In the beginning, mouse mutants were selected based on their Hh-
phenotypes. Based on molecular analyses, these mutants showed a loss of ventral cell 
types in neural tube. The dorsalization of the neural tube in these mutants was very 
similar to Hh mutants deficient in Hh signaling. However, further investigation using 
bioinformatics and molecular studies revealed that the genes mutated in these Hh-like 
mutant mice actually encode IFTs proteins, including IFT 88 and IFT 72 that have been 
shown in green algae Chlamydomonas to be important for cilia formation.  
 
Apart from neural tube defects, Huangfu et al. found that embryos homozygous for IFT 
88 also lack nodal cilia and some of the mutants displayed situs inversus of the heart. The 
mammalian node is important in determining the left-right asymmetry of organs and the 
beating of the motile cilia in the node creates a flow that generates a Ca2+ concentration 
gradient. This explains why some of the IFT mutants exhibit reverse looping of the heart 
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tube. The exact mechanism of how the Ca2+ concentration determines the polarity of the 
organs is unclear (Liu et al., 2005b; Praetorius and Spring, 2001). Ventral cell fate in 
neural tube is determined by Shh from the notochord. In the mouse IFT mutants, the lack 
of ventral cells indicates that Shh signaling is impaired. IFT mutants also showed reduced 
ptc1 transcription expression, thereby confirming that Hh signaling is impaired in these 
mouse cilia mutants.  
 
Ptc1 null mutants display upregulation of Hh signaling because the inhibition of Hh by 
Ptc1 is alleviated.  Double null mutants with either of the IFTs and Ptc1 showed an 
absence of up-regulated Hh signaling. Hence, this implies that the IFTs act downstream 
of Ptc1 since they failed to upregulate Hh signaling which was observed in Ptc1 mutants. 
It was important to establish how the primary cilia can affect the function of Ptc1 which 
in turns affects the Hh signaling activity. Rohatgi et al. went on to show that Ptc1 is 
localised to the primary cilia when Hh is inactive and leave the cilia when the pathway is 
activated (Rohatgi et al., 2007). The activation of the Hh pathway, accompanied by Ptc1 
leaving the primary cilia, promotes Smo accumulation (see later paragraphs) at the 
organelle. The localization of Smo to the primary cilia is critical in the transduction of Hh 
signals.  
 
Further reports on Hh transcription factors aggregating at the cilia were reported 
(Haycraft et al., 2005; Liu et al., 2005a; May et al., 2005). Mouse IFT mutants displayed 
additional number of digits in the limbs, a disease known as polydactyly which is a 
hallmark of Hh mutation brought about by loss of the Gli3 repressor. Double mutants of 
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IFT and Gli3 displayed more severe polydactyly effects compared to the single mutants. 
In Tg737/Polaris/IFT 88 mouse mutants, Gli3 processing is altered, resulting in ectopic 
Shh activity that gives rise to polydactyly in the murine limb buds. Tagging Gli1, Gli2 
and Gli3 proteins with GFP, all the three transcription factors are found to localize to the 
tip of cilium. Taken together, the above observations led to a conclusion that Gli 
processing takes place at the cilia.  
 
The IFT machinery is important in the assembly of cilia but the exact mechanism of how 
they affect the Hh pathway is unknown. The role of IFTs in Hh signaling is complicated 
because unlike down regulation of Hh activity in the absence of cilia, loss of IFTs can 
results in both up and down regulation of the pathway, depending on the type of IFTs 
affected (Tran et al., 2008). Using the ventral cell types in neural tube as markers for the 
level of Hh activity, mutation to IFT 139 causes a dorsal expansion of the ventral cell 
types while mutation to IFT 88 has a reversed effect. IFT 88 and IFT 139 belong to two 
different IFT complexes known as IFT B and A and these two complexes are involved in 
anterograde and retrograde transportation respectively. The difference in signaling 
activity in neural tube might be affected by this cilia transport mechanism. Therefore, 
trafficking along the cilium by IFTs may regulate Hh signaling, depending on the cargo 
which the IFTs are carrying. There is no evidence till date to indicate which IFTs are 
responsible for individual Hh component. It will be interesting if the components of Hh 





Initial studies on IFTs in zebrafish were done in mutants encoding mutation to IFT genes 
ift 57, ift 88 and ift 172. These zebrafish cilia mutants display abnormal cilia formation in 
the sensory cilia and motile cilia in the pronephric duct (Sun et al., 2004; Tsujikawa and 
Malicki, 2004). Furthermore, the use of morpholinos to knock down these proteins results 
in a loss of nodal cilia which affects the left-right asymmetry of the organs (Kramer-
Zucker et al., 2005). However,  the zebrafish cilia mutants and cilia morphants showed no 
aberrant Hh activity even though the number of cilia was reduced (Lunt et al., 2009). This 
seems to suggest that in zebrafish, IFTs are not required in Hh pathway, thereby 
eliminating the role of cilia in mediating Hh transduction. However, further investigation 
by Huang et al. using maternal zygotic zebrafish mutants that lack ift 88 revealed that 
there is a ciliary defect coupled with misregulation of Hh signaling. These maternal 
zygotic mutants also displayed defective neural patterning and somites formation, tell-
tale signs of abnormal Hh signaling (Huang and Schier, 2009). Thus, the previous work 
using morpholinos can knock down but not eliminate IFTs and the presence of maternal 
IFTs are probably sufficient to form some primary cilia at early stages. This might 
explain why the morphants do not exhibit mis-regulated Hh signaling. 
 
The very first paper showing a Hh component localizing to cilia was published in 2005 
(Corbit et al., 2005) using Smo, the seven transmembrane protein that is essential for 
transduction of Hh signals. It was shown in vitro that mammalian Smo is localized to the 
cytoplasm, and translocates to the cilia in response to Hh activity. They further showed 
that mammalian Smo has a Ciliary Localising Domain (CLD) which contains highly 
conserved hydrophobic and basic residues; tryptophan (W) and arginine (R). Mutation to 
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these two amino acids prevents Smo from localizing to the cilia in response to Hh and 
also eliminates Hh activity. Thus, localization of Smo protein to the primary cilia is 
required to transduce Hh signal and this revealed the importance of primary cilia as the 
platform for Hh components to concentrate. Corbit et al further showed that injection of 
the wild-type mammalian Smo was able to restore the Hh signaling pathway, showing 
conservation in the function of Smo in Hh signaling between mouse and zebrafish. On 
the other hand, injection of the mutated mammalian Smo into zebrafish smo mutants 
failed to rescue loss of the slow muscle caused by the absence of Hh signaling. This 
proved that Smo localization to the primary cilium is central for the transduction of Hh 
signals. 
 
Although Corbit et al. had shown that mammalian Smo can rescue the phenotype in 
zebrafish smo mutants, and the protein also localizes to the cilia in vivo, the localization 
patterns were not pursued further with zebrafish Smo. Aanstad et al. showed that the 
extracellular domain (ECD) of zebrafish Smo regulates ciliary localization and is 
required for high level of signaling in zebrafish (Aanstad et al., 2009). Truncated form of 
Smo that lacks ECD failed to activate Hh-dependent cell types that require high level of 
Hh signaling. Parallely, our group did a similar experiment, checking if the CLD in 
mammalian Smo is conserved in zebrafish Smo (chapter 4). We showed that the CLD is 
conserved and the localization of Smo in response to Hh activation is important in Hh 
signal transduction. Taken together, our data and Aanstad et al. show that the zebrafish 
Smo localizes to the primary cilia and the localization is an important step in the Hh 
signaling cascade.  
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1.7.2.  Basal Body and Hedgehog 
The basal body plays an important, but indirect role in Hh signaling. Basal bodies need to 
dock to the apical membrane in order for subsequent steps in ciliogenesis such as 
axoneme extension to occur. Mis-orientation of the basal bodies results in the absence of 
axoneme formation, which indirectly affects Hh signaling (Yin et al., 2009). More 
importantly, there are known ciliopathies that are linked to mutations to basal body. 
Meckel syndrome type1 (MKS1) (Alexiev et al., 2006; Dawe et al., 2007) and oral-facial 
digital syndrome1 (OFD1) (Ferrante et al., 2006) are common cilia diseases seen in 
human. Mutations to their homologs in mice result in aberrant Hh signaling and defective 
cilia formation. With these results, it is not surprising that these proteins localize to the 
basal bodies and probably direct the docking of the basal bodies to the apical membrane 
for axoneme extension. Cilia form the scaffold for Hh components to aggregate and 
mutation to basal body result in defective cilia formation.  
 
1.8.  Ancestral role of Hedgehog components 
Homologs of Cos2 have a motor domain in the N terminal which shares significant 
sequence similarity with the motor domains of kinesin superfamily proteins (Sisson et al., 
1997; Tay et al., 2005). With this motor domain, Cos2 is able to bind microtubules which 
are normally found in the cytoplasm as well as in axoneme of cilia. Unlike in vertebrates 
where primary cilia are found in almost all cells, the axoneme structures are found only in 
the cilia sensory cells and the flagella in Drosophila.  Since cilia are not found in Hh 
responsive cells, they are not required for Hh signaling in Drosophila. Drosophila Cos2 
binds to cytoplasmic microtubules in the absence of Hh activation and dissociates from it 
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when cells are exposed to Hh. Although vertebrate Cos2 was also shown to bind tubulin 
(Tay et al., 2005), detailed analysis revealed that Cos2 is bound to the microtubules found 
in cilia. In the absence of Hh signaling, mammalian Cos2/Kif7 is localized to the base 
(minus end) of the primary cilia and it moves to the tip (plus end) of the cilia when Hh is 
activated. This minus to plus end movement is dependent on the motor domain in Kif7 
and suggest that they act as anterograde motor proteins. The role of motor proteins is to 
carry cargo along microtubules. It is proposed that Kif7 may transport Gli1 away from 
the cilia in the absence of Hh, to prevent activation of the transcription factor. IFTs may 
also play a role in transportation of Gli1 although none of these proposed mechanisms 
have been experimentally validated.  
 
Together with Cos2, another kinase Fu, an important component of HSC, is required for 
the formation of motile cilia in zebrafish (Wilson et al., 2009). Although Fu is very 
important for Hh signaling in zebrafish, its role in Hh pathway is limited in mammals 
since mouse Fu mutant mice are viable and show limited Hh signaling defects. However, 
these mutant mice die of hydrocephalus which has been postulated to be a result of 
dysfunctionality to the motile cilia in the brain ventricles (Wilson et al., 2009). Mouse Fu 
is the first regulatory protein to be shown to be involved in the formation of the central 
pair apparatus of motile (9+2 arrangement) cilia. Therefore, the role of mammalian Fu 
may be more important in ciliogenesis than in Hh pathway. 
 
It seems that both Fu and Cos2 have long been linked to ciliogenesis before they evolved 
to be associated with Hh signaling. Planarian Cos2/Kif27 and Fu are required for 
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formation of motile cilia but not Hh signaling (Rink et al., 2009). kif27(RNAi)  and 
fused(RNAi) treated worms displayed limited mobility and absence of cilia while the level 
of ptc transcription showed that Hh signaling is not compromised. These findings in 
metazoan lineage suggest that some components of Hh pathway have an ancestral role in 
cilia formation and their role in Hh signaling seems to be acquired through evolution.  
 
1.9.  Cilia and other pathway(s) 
Wnt (Gerdes and Katsanis, 2008) and fibroblast growth factor (fgf) (Neugebauer et al., 
2009) are other important developmental signaling pathways which may also utilize cilia 
as a signaling platform. Although results showed that the phenotypes of the mutants 
affecting the Wnt/FGF pathways are not similar to those IFT/Hh mutants, cilia may still 
have an indirect role in these signaling pathways (Wang and Nathans, 2007). 
 
1.9.1 Cilia and Wnt Pathway 
Wnt signaling is required for cell proliferation, differentiation and cell patterning (Katoh, 
2002; Pecina-Slaus, 2010). The function of Wnt can be seen in neural tissues because it is 
essential for proper neural tube development as well as spinal cord and neuron patterning. 
It has also been implicated in the development of the ear and heart. Coincidentally, cilia 
are also found in some of these organs, such as in central nervous system (CNS) and in 
the inner ear. As such, cilia could play a role in Wnt signaling although there are 




Many in vitro studies have shown that the loss of primary cilia resulted in elevated 
canonical Wnt signaling (Ross et al., 2005). Wnt signaling is divided into canonical and 
non canonical pathway (Pecina-Slaus, 2010). The former is mediated by a downstream 
target β-catenin which is kept inactive through degradation by various kinases such as 
glycogen synthase kinase 3β and casein kinase 1(CKI). On the other hand, the non 
canonical Wnt pathway is not dependent on β-catenin although it requires the Wnt ligand 
to bind to the Frizzled receptor to activate the pathway (Veeman et al., 2003). When 
active, this pathway regulates downstream effectors such as Ca2+ and RhoA which are 
important for mediating the planar cell polarity (PCP) pathway. PCP is needed to 
organize cells in the right order/direction and also act as a sensor to modulate the 
concentration gradient within cells. Dishevelled (Dvl) which acts directly downstream of 
the frizzled receptor, is regulated by Inversin (Inv).  They are both found to be involved 
in the Wnt pathway (Simons et al., 2005). Inv and Dvl are distributed in the cytoplasm as 
well as at the cell membrane. Inv has been specifically shown to localize to the base of 
the cilium. Mutation of this protein also results in left/right asymmetry defect which is a 
hallmark for cilia loss of function 
 
The zebrafish, mouse and Xenopus cilia mutants do not display similar phenotype typical 
of the Wnt mutants. However, mouse cilia mutants showed increased β-catenin as a result 
of up-regulated canonical Wnt signaling. On the other hand, ift88 maternal-zygotic 
zebrafish do not display any abnormal Wnt signaling (Huang and Schier, 2009). Thus, 




The zebrafish duboraya (dub) mutant which encode for a mutation to the Dub protein, 
displays PCP defects coupled with shortening of cilia in the Kupffer’s vesicle (KV) 
(Oishi et al., 2006). Zebrafish dub mutant also exhibits left right asymmetry defects. 
Oishi et al. injected fluorescence beads into KV and by comparing the movement of the 
beads between wild-type and dub mutant, the author concluded that the randomization of 
the organ is brought about by disrupted flow in KV. 
 
Van Gogh (Vang) is a core protein in the PCP pathway and is required for cilia 
positioning and tilting. In the double null mouse vangl1 and vangl2 mutants, 
establishment of left-right asymmetry in organs were affected. Cilia in the node were 
found to be randomly positioned, resulting in turbulent nodal flow. A similar result was 
obtained in zebrafish maternal zygotic vangl2 mutants (Borovina et al., 2010). Irregular 
fluid flow in the KV and left-right patterning defects were observed. Borovina et al. 
conclude that Vangl2 controls the posterior tilting of motile cilia and is required for 
localization of cilia to the apical membrane of neuroepithelial cells. 
 
1.9.2. Cilia and FGF pathway 
Fibroblast growth factor (FGF) signaling was shown to regulate the length of the cilia and 
control left right asymmetry of organs (Neugebauer et al., 2009). Using morpholino to 
knock down FGF receptor1 in zebrafish, the motile cilia in KV showed reduction in 
length and perturbed fluid flow. Similarly in Xenopus, mutation to FGF receptor 1 
resulted in shortening of the cilia. Moreover, Hong et al. showed that knocking down two 
downstream targets of FGF, ier2 and fibp1 can affect left-right asymmetry in zebrafish 
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and reduce the length of the cilia in KV (Hong and Dawid, 2009). They have also shown 
that by suppressing the ligand FGF8, cilia are lost. Therefore, unlike Hh and Wnt 
pathways, FGF pathway is independent of cilia for signaling and rather, ciliogenesis is 
dependent on FGF.  
 
1.9.3. Cilia and Phosphoinositide Pathway 
The latest pathway found to be linked to primary cilia is phosphotidylinositol signaling 
cascade, important for membrane trafficking of proteins (Bielas et al., 2009; Jacoby et al., 
2009). It has been linked to the golgi complex where phosphoinositides are derived from 
and are associated with vesicle transportation and membrane protein stability. Mutant 
mice for lipid 5-phosphatase (Inpp5e) exhibited primary cilia defects and in vitro assay in 
mouse embryonic fibroblasts show that Inpp5e is localized in the axoneme of the cilia. 
Joubert syndrome is a human ciliopathy associated with kidney cysts and polydactyly 
(Parisi et al., 2007). In this group of patients, INPP5E gene is found to be mutated in the 
phosphatase domain resulting in decreased downstream phosphoinositides. It is clear that 
cilia are important for this pathway since a human disease has been found to be directly 
linked to mutation of a gene in the pathway. However, the exact mechanism as to how 
this pathway affects cilia or vice versa remains to be investigated.  
 
The number of signaling pathways that depends on cilia for signaling is not limited to the 
ones mentioned. With the wide range of developmental processes being controlled by 
these pathways, ciliogenesis has become a very important process to study. By 
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elucidating the exact mechanism of cilia formation, we can then minimize the 
abnormalities that arise from pathways that depend on cilia. 
 
1.10.  Aim of This Thesis 
Although a lot of genes have been implicated with ciliogenesis, little is known about the 
mechanism of the pathway. The aim of this study focuses on two proteins, Cos2/Kif7 and 
Iguana/Dzip1. Drosophila Cos2 plays an important role in Hh signaling, regulating the 
activity of the transcription factor, Ci. Despite its importance, the vertebrate homolog of 
the Cos2 was not identified. The aim of the first part of this thesis was to identify a cos2 
gene in the zebrafish genome and elucidate its function in Hh signaling. 
 
The second protein of interest, Iguana/Dzip1 had been previously shown to have 
opposing effect on Hh signaling as demonstrated in the zebrafish igu mutants. Identified 
as a novel component of vertebrate Hh signaling, its function has not been studied 





MATERIALS AND METHODS         
             
 
For buffer and reagent makeup, look under appendix 1 
 
 
2.1. Zebrafish strains and husbandry 
All fish strains used in this study were maintained under standard conditions of zebrafish 
husbandry within the Zebrafish Facility at Institute of Molecular and Cell Biology 
(IMCB), Singapore. The facility maintains a stable temperature at 28.5oC and has a 14 
hour light and 10 hour dark cycle. Fish strains used in this study consist of wild-type, 
iguts294e, smuhi1640, smub641 and syut 4(Chen et al., 2001; Karlstrom et al., 1996; Schauerte 
et al., 1998) which have been previously described. All experiments with zebrafish 




Linearised plasmid (~25ng/µl), mRNA encoding the gene (~0.1µg/µl) and morpholino 
oligonucleotides (300µM) were injected into the animal pole at 1-cell stage with a N2 gas 
injector (PLI-100 from Harvard Apparatus). Morpholinos used were purchased from 
GeneTools LLC, diluted with sterile water to a concentration of 1mM and kept at room 
temperature. Morpholinos used in this study were as follows: 
Cos2 Splice MO: 5’-AAATACTCACAAATGCTGGCTTCCC-3’ 
Cos2 Start MO: 5’-GCCGACTCCTTTTGGAGACATAGCT-3’ 
DZIP1Splice MO1: 5’-GTACAGACCTTGTGGTAATTGGCAC-3’ 
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DZIP1-like MO: 5’-GAATTATGCCATTTGCTTACCTTGA-3’ 
2.3. Generation of transgenic zebrafish line 
The heat inducible Tg(hs::gfp-igu) stable transgenic strain was generated by injecting 
wild-type zebrafish eggs with linearized plasmid containing the hs::gfp-igu transgene. 
The resulting embryos were raised to adulthood, and transgenic founder fishes were 
identified by heat shocking progeny embryo for 1 hour at 38oC followed by a screen for 
green fluorescent protein (GFP) expression. Identical pattern of GFP-Igu localization was 
observed in embryos derived from two independent founder fishes.  
 
2.4. Whole mount immunohistochemistry on zebrafish embryos 
Embryos used for immunohistochemistry stainings were fixed for 2 hr in Fish Fix 
dissolved in water. After 2 hr, fixed embryos were washed with PBS for 3 hr at 30 min 
intervals. After the last wash, PBS was removed. 1 ml of absolute methanol was added 
and the embryos were stored in -20oC. Embryos stored in methanol can be kept for up to 
a year. For staining, methanol was removed and the embryos were rehydrated in 
progression from 75%, 50% and 25% methanol to PBS. Embryos in PBS were washed at 
2 min interval, 4 times. After the last wash, PBS was removed and 1ml of ice cold 
acetone was added to the embryos for 7 mins in -20oC. Acetone was removed, allowing 
residual to evaporate (not to complete dry) and embryos were washed with PBS at 2 min 
interval, 4 times. After the last wash, PBS was removed and blocking solution was added 
to the embryos and incubated for 1 hr. Primary antibody was added and incubated 
overnight in 4oC. Next day, the primary antibody was removed and embryos were 
washed with PBDT for 2 hr at 30 min intervals. For fluorescence staining, we used Alexa 
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antibody purchased from Invitrogen. For histochemical analysis, Vectastain Elite Kit 
(Vector Laboratories, Burlingame, USA) was used according to manufacturer’s 
recommendation. 
Name of antibody Company Dilution 
F59 Developmental Studies 
Hybridoma Bank 
1:10 
A4.1025 Developmental Studies 
Hybridoma Bank 
1:10 
4D9  Gift from Dr Nipam Patel 1:50 
polyclonal anti-Prox1 Chemicon Inc (Billerica, 
MA, USA) 
1:100 
Anti-GFP #ab-6556 Abcam 1:1000 
Anti-Actin #ab-1801 Abcam 1:1000 
Anti-HA #sc-805 Santa Cruz 1:200 (on zebrafish) 
1:1000 (WB) 
Anti-Myc #sc-789 Santa Cruz 1:200 
Acetylated tubulin, #T6793 Invitrogen 1:500 
Gamma Tubulin, # T5326 Invitrogen 1:250 
Anti-Igu BRC, A-STAR 1:100 
 
 
2.5. Whole mount in situ hybridization 
2.5.1. In situ Hybridization 
The wash buffer PBT used for in situ hybridization (ISH) protocol was treated with 0.1% 
diethyl pyrocarbonate (DEPC). Embryos used for ISH were fixed overnight at 4oC 
followed by PBS washes and subsequently stored in methanol at -20oC. Embryos are re-
hydrated with 50% methanol, followed by PBT and post-fixed in fish fix for 20 mins. 
The post-fixed embryos were washed with PBT for 20 mins before Proteinase K digest 
(Boehringer, 15mg/ml) for a suitable amount of time depending on the stage of the 
embryos. Typically, time taken for digest is as follows: epiboly stage-1.5 mins; early 
somitogenesis-2 mins; 24 hpf-3 mins and 48 hpf-4 mins. This was followed by a second 
post-fix for 20 mins and a 45 mins PBT washes at random intervals. Embryos were then 
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pre-hybridized in Hybe A for 4 hrs at 68oC. Digoxigenin (DIG) –and/or fluorescein-
labelled probes were added and incubated overnight at 68oC. The probes were washed 
with HybeB at 30 mins interval for 2hr in 68oC. Embryos were transferred to room 
temperature and washed twice in PBT at 10 mins interval, followed by addition of 0.5% 
Blocking Reagent dissolved in PBT for 30 mins. Appropriate alkaline phosphatase (AP)-
coupled anti-DIG/-fluorescein antibodies in Blocking Reagent was added for 4 hrs at 
room temperature or overnight at 4 oC. Antibodies were washed off in PBT 4 times at 30 
min interval and equilibrate with in situ staining buffer for 20 mins before adding Nitro 
Blue Tetrazolium (NBT, Roche #11 383 213 001) and 5-Bromo 4-chloro 3-indolyl 
phosphate (BCIP, Roche #11 383 221 001) to a final concentration of 250mg/ml and 
125mg/ml respectively. When staining reaction reached the right level of staining, 
staining solution was washed off with PBT and the stained embryos were stored in Fish 
Fix. 
 
2.5.2. Fluorescent in situ hybridization 
The protocol is as described in section 2.5.1 with the following modifications: Peroxidase 
(POD) coupled with anti-DIG and or anti-fluoroscein antibodies were used to catalyze 
tyramide signal amplification (TSA) reactions. For follow-up fluorescent 
immunochemical staining, the primary antibody to be used was added with the anti-DIG 
or anti-fluoroscein antibodies. The in situ staining was allowed to develop till the optimal 
level of intensity and washed off with PBT. Stained embryos were blocked with 2% 




2.6. Restriction Enzyme digests and cloning 
All restriction enzymes are purchased from Roche, New England Biolabs and Fermentas. 
For sub-cloning, after digestion, the ends of the vector DNA were dephosphorylated with  
shrimp alkaline phophatase, (Roche). The fragments were resolved in 1% agarose gel in 
1X TAE buffer. Purification of the DNA fragments was performed with QIAquick Gel 
Extraction Kit (Qiagen) according to the manufacturer’s protocol. Purified fragments 
were ligated with Rapid Ligation Kit (Roche). 
 
2.7. Synthesis and purification of antisense probes 
DIG and fluorecein labeled antisense probes used for in situ hybridization were 
synthesized by in vitro transcription of linearised DNA templates. The gene of interest 
was digested with a single cut at the 5’ end with restriction enzyme. About 1µg of 
linearized template was used with the transcription components (Roche) and incubated 
for 2 hrs at 37 oC. DNase1 was added for another 15 mins to remove the DNA template. 
Reaction was stopped with 45mM EDTA pH 8, and further precipitated by 250mM LiCl 
and ice cold ethanol for at least 1 hr in -80 oC or overnight at -20 oC. Samples were 
centrifuged at max speed for 30 mins. The pellets formed were washed once with 70% 
ethanol, air-dried and re-constituted in 30µl of DEPC-treated water. The antisense probes 
can be stored at -80 oC for long term storage. 
 
2.8. Synthesis of sense mRNA 
mRNAs were synthesized with mMESSAGE mMACHINE SP6 or T7 kit (Ambion) 
according to the manufacturer’s protocol. In brief, approximately 1µg of DNA template 
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linearized at 3’ end was mixed with transcription components for 2 hrs at 37 oC. DNase1 
was added for another 15 mins to remove the DNA template, followed by LiCL 
precipitation at -20 oC. Sample were centrifuged at max speed for 30 mins, pellets were 
washed with 70% ethanol, air-dried and re-constituted in 20µl of DEPC-treated water. 
The synthetic mRNAs were stored at -80 oC.  
  
2.9. Polymerase Chain Reaction (PCR) 
2.9.1. General PCR  
DNA was amplified with Advantage 2 Polymerase Mix (Clonetec) using PTC100 
thermal cycler (MJ Research). Primers were obtained from Sigma-Proligo and 1st-Base 
Singapore.  
 
2.9.2. Site Directed Mutagenesis (SDM) 
QuikChange® site directed mutagenesis kit (Stratagene) was used to make point 
mutations in double-stranded plasmid. Using wild type smo cDNA as template, 2 amino 
acids were mutated and renamed as CLD-SmoHA. The polymerase used in SDM was Pfu 
Ultra high fidelity DNA polymerase. The PCR parameters used were as follows: 
 
 Process Temperature (oC) Time (m:sec) Remarks 
1 Denaturation 95 0:30  
2 Denaturation 95 0:30 
18 cycles  Annealing 53 1:00 
 Extension 68 4:00i 
3 Extenstion 68 10:00  
4 Maintenance 16   
 
i. The extension time was calculated as 1 min per kb of plasmid length. 
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The following pair of primers was used for SDM at Smo residues 1570 – 1575 bp 
(mutagenic residues underlined): 
Original Smo:    5’-GCAACAATCCTCATTTGGAAACGGACCTGGTTCAGA-3’ 
CLD-Smo Fwd: 5’-GCAACAATCCTCATTGCTGCTCGGACCTGGTTCAGA-3’ 
 CLD-Smo Rv:   5’-TCTGAACCAGGTCCGAGCAGCAATGAGGATTGTTGC-3’ 
 
2.10. Plasmid DNA Purification 
Cells were grown on LB (Luria Bertani) media under appropriate antibiotics selection. 
Depending on the yield and quality needed, QIAGEN plasmid mini, midi and maxi kits 
were used according to the manufacturer’s protocol. 
 
2.11. Quantification of nucleic acid 
Concentrations of DNA or RNA were quantified using NanoDrop ND-1000 UV-Vis 
Spectrophotometer (Thermo Scientific).   
 
2.12. cDNA synthesis 
2.12.1 Extraction of total RNA from zebrafish embryos 
Total RNA was extracted from 50 zebrafish embryos of desired developmental stages 
using the RNeasy Mini Kit (QIAGEN) following manufacturer’s protocol.  
 
2.12.2. Zebrafish cDNA preparation 
2 to 5 micrograms of total RNA, 5µM of oligo(dT) and 1mM dNTP were added to a total 
volume of 10µl. They were incubated at 65 oC for 5 mins and cooled on ice for 1 min. 
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Reverse transcription (RT) mixture was added: 1X RT buffer, 5mM MgCl2, 10mM DTT, 
40U RNaseOUT and 200U Superscript III reverse transcriptase (Invitrogen). The reaction 
mixture was incubated at 50 oC for 1 hr, 1 min on ice, followed by 5 mins at 85 oC to 
terminate the reaction. RNase H was added to digest the RNA template away at 37 oC for 
20 mins. The cDNA was stored at -20 oC until further use.  
 
2.13. DNA Sequencing 
Sequencing was performed at the IMCB DNA Sequencing Facility. Sequencing was 
performed using Big Dye Terminator v3.1 Cycle Sequencing Kit and Biosystems 3730xl 
DNA analyzer/sequencer. The following cycling conditions were used: 
 Process Temperature (oC) Time (m:sec) Remarks 
1 Denaturation 95 1:00  
2 Denaturation 95 0:30 
30 cycles  Annealing 53 0:30 
 Extension 68 0:30 
3 Extenstion 68 10:00  
4 Maintenance 16   
 
Results were viewed via Chromas 2. 
 
2.14. Mammalian Tissue Culture  
2.14.1. Maintenance of cell lines 
The cell lines used in this assay were COS-7 (African green monkey kidney) and 293T 
(human embryonic kidney cells). Cells were grown to a confluent state using growth 
medium (DMEM, Gibco) added with 10% FBS (Hyclone Lab) and 1% Penicillin-




2.14.2. Thawing and Freezing of cells 
Cells can be stored in liquid nitrogen for almost unlimited time and for about a year at -
80 oC without losing their viability. Cells must be allowed to freeze in a stepwise 
decrease of temperature (1 oC/min) to minimize internal ice crystal formation which 
decreases cell viability. Typically, in a 75cm2 flask, cells were allowed to reach about 70-
80% confluency, trypsinized, diluted in 10ml of growth medium and transferred to 15ml 
falcon tube. They were centrifuged for 5 mins at 600g and the pellet was resuspended in 
3ml of ice cold freezing medium as a cryoprotectant before transferring into cyrotubes 
(Nalgene). 
 
2.14.3. Transient transfection of mammalian cells 
DNA were transfected into mammalian cells to analyze gene expression and regulation. 
Transfection was done according to the manufacturer’s protocol using Superfect 
(QIAGEN) or Turbofect (Fermentas). After incubation for 24hr, cells were harvested 
either for further SDS-PAGE analysis or for immunofluorescence staining.  
 
2.14.4. SDS Polyacrylamide Gel Electrophoresis (PAGE) and western blot 
24hr post transfection, cells were washed once with PBS before harvesting. In a 10cm2 
plate, 500µl of lysis buffer was added to lyse the cells. On ice, cells were scraped 
thoroughly and transferred to a 1.5ml eppendorf tube. Incubate the harvested cells for 
another 30 mins, with occasional vortexing in between the incubation. Cells were spun 
for 20 mins at 13k rpm in 4 oC. The supernatant was transferred to a fresh 1.5ml tube and 
stored at -20 oC till further use.  
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Protein samples were resolved with an SDS-PAGE gel with Mini-Protean 3 system (Bio-
rad laboratories). All components and reagents needed for preparing and running of 
polyacrylamide gel were purchased from Bio-rad. Concentration of the Separation gel 
varied from 7.5% to 10% depending on molecular weight of the protein of interest. The 
stacking gel was fixed at 4%. Gels were run at a constant voltage of 100V for 15 mins till 
the samples reached the separation gel. They were then run at constant 200V for another 
45 mins to 1hr depending on expected size of the protein of interest. Gels were 
transferred to HybondTM C-extra nitrocellulose membrane (GE Healthcare) using Trans-
Blot SD Semi-dry transfer cell (Bio-rad) at 20V for 35 mins. Upon completion of transfer, 
membranes were blocked for 1 hr in 5% non-fat milk (Anlene) dissolved in PBST. 
Primary antibodies were diluted in blocking solution. The membranes were incubated 
with primary antibody for at least 1 hr at room temperature or overnight at 4 oC. The 
membranes were washed three times with PBST at 10 min intervals. Appropriate 
secondary antibodies were added for 45 mins at room temperature, followed by vigorous 
PBST washes at 10 min intervals, 4 times. Enhanced chemiluminescent (ECL) substrate 
(GE Healthcare) was used to detect the signal and Hyperfilm ECL (Amersham) to 
develop the film. 
 
 Seperation Gel Stacking Gel 
Concentration 7.5 % 10% 4% 
ddH20 (ml) 6 5.35 3.675 
3M Tris pH8.8 (ml) 1.25 1.25 - 
1M Tris pH 6.8 (ml) - - 0.625 
10% SDS (µl) 100 100 50 
30% AA (ml) 2.5 3.4 0.65 
10% APS (µl) 50 50 25 





2.14.5. Immunofluorescence (IF) 
Cells were grown on cover glass in 6-well plates. Transfection was carried out according 
to the manufacturer’s protocol. 24 hrs post-transfection, cells were washed twice in ice 
cold PBS and fixed for 15 mins in 4% paraformaldehyde at room temperature. For some 
antibodies, fixation was done with cold methanol depending on recommendation. The 
cells were then washed twice in PBS and aldehyde groups at the cell surface were 
quenched for 10 mins with 100mM of NH4Cl in PBS. Cells were then washed twice 
again, in PBS and incubated for 5 mins in PBS containing 0.1% TX-100. Cells were 
washed again in PBS before blocking for 30 mins with 1% BSA. After blocking, cells 
were washed again in PBS and incubated with primary antibodies diluted in PBS 
containing 1% BSA for 1hr. Primary antibodies were washed off with PBS before 
incubation with fluorescence antibodies for another hour. The cells were then washed 
four times in PBS and DAPI was added to stain the nuclei at the second wash. The cover 
glasses were mounted onto microscope slides with Vectashield mounting solution 
(Vector Laboratories). The slides were viewed with Olympus Fv-1000 laser scanning 
confocal microscope for high resolution imaging. 
 
2.14.6. Protein Staining 
After the proteins were separated by SDS-PAGE, the gel was stained by Coomassie Blue 
staining solution for 30 mins to detect protein bands. Destaining was done with frequent 
changing of the solution until the blue bands and a clear background were obtained. Gels 




2.14.7. Co-Immunoprecipitation (Co-IP) 
To check for protein-protein interaction, Co-IP was carried out. After 24hr post-
transfection, cells were lysed and protein concentration was calculated using DCTM 
Protein assay (Bio-rad). 500µg of protein was used for each IP reaction and topped up to 
1ml with lysis buffer. Primary antibody for the tag was added and incubated overnight at 
4 oC. 40µl of protein A/G beads (Chemicon) were added and incubated at 4 oC for at least 
an hour on the following day. The samples were spun down, supernatants were removed 
carefully so as not to disturb the beads. The beads were washed with 1X IP buffer, 
centrifuged and the supernatant was removed before adding low salt IP buffer for two 
more washes. 50µl of loading buffer was added and samples were boiled at 100 oC for 5 
mins. Samples were spun down for another 5 mins and loaded onto SDS gel. This was 
followed by conventional western blot analysis for detecting the other interacting protein.  
 
2.15. Iguana Antibody Production 
2.15.1. Synthesis of Recombinant Protein for antibody production 
A 432 bp fragment of igu cDNA at position 688-1080bp was cloned into pGEX4T-3 in 
the NotI site. This created a fusion of GST to the N-terminal of the Igu fragment. A stop 
codon was incorporated to the 5’ end of the Igu fragment.  
 
2.15.2. Overexpression and Induction of GST-Igu (Small scale) 
GST-Igu was transformed into BL21 cells and plated in LB nutrient Agar containing 
50µg/ml ampicillin. Single colonies were picked and inoculated overnight in 2ml LB 
containing 50µg/ml ampicillin.  500µl from the overnight cultures were added to fresh 
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2ml LB containing 50µg/ml Ampicillin. Two tubes were set up for each overnight culture. 
The cultures were further agitated for 2 hrs before 0.1mM IPTG was added into one of 
the 2 tubes. This induction step was done for 3 hrs at 37 oC.  
 
To check for induction efficiency, 40µl of induced and uninduced samples were taken, 
spun down and the pellet was resuspended in 15µl cold PBS. The samples were analysed 
by SDS-PAGE followed by staining with Coomassie Blue. 
  
The remaining cultures that were induced, were spun down at 13k rpm for 5 mins. The 
pellets were resuspended in 250µl of cold PBS. The bacterial cells were lysed by 
sonication with a Misonix Sonicator 3000 till the medium turned clear. The solutions 
were spun down to obtain soluble and insoluble fractions. 250µl of SDS loading dye was 
added to the pellet (insoluble fraction). SDS loading dye was added to the 10µl taken 
from the supernatant (soluble fraction). Both samples were then analyzed by SDS-PAGE. 
 
2.15.3. Overexpression and Induction of GST-Igu (Large scale) 
The clone that gave the best induction and had protein expressed in the soluble fraction 
was chosen. The glycerol stock was used for an overnight culture in 2ml LB media 
containing 50µg/ml ampicillin. This was used to innoculate a 400ml culture and left to 
grow overnight at 37 oC. From the overnight culture, 200ml was each transferred to a 
fresh 800ml LB containing 50µg/ml ampicillin and incubated in a shaking incubator for 
approximately 2 hrs. IPTG (final concentration 0.1mM) was added to the cultures when 
OD600 of between 0.6 to 0.8 was reached. The cultures were left to shake for another 4 hrs 
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at 37 oC. The bacterial cultures were centrifuged at 1500 x g for 20 mins and the pellets 
were resuspended in 30ml ice cold PBS containing [(1mM PMSF and a complete 
inhibitor tablet (Roche)]. The suspended bacterial cells were lysed by sonication (10sec 
pulse for 5 times) and centrifuged at 12000 x g for 10 mins at 4 oC. The clear supernatant 
was mixed with 0.6ml of 50% Glutathion Sepharose beads (GE Healthcare) that were 
prepared according to manufacturer’s protocol, and incubated on a rotating platform at 4 o 
for 1 hr. The beads were washed three times with ice cold PBS and were transferred into 
column according to manufacturer’s protocol. Glutathione elution buffer was added to 
elute the proteins. 5 fractions were collected and a small sample from each fraction was 
taken to resolve by SDS-Page for quantification by Coomassie blue stainings, with BSA 
as loading and concentration control. 
 
2.15.4. Raising of antibodies (Rat) 
The proteins that were collected through fractioning were given to Biological Resource 
Centre, A-STAR, for antibody purification. The recommended concentration of the 
antigen was 1µg/µl and the amount required was 1500µg for the first bleed. In total, 3 
rats were used and a total of 10 bleeds were taken from the rats before cardiac puncture 
was applied to kill the rats. Only 1 out of 3 rats’ sera showed promising detection of the 
Igu protein. 
 
2.16. Yeast-2-hybrid (Y2H) 
Y2H is a molecular technique widely used to detect protein-protein interaction. In a Y2H 
interaction, the bait (protein of interest) is fused to the Binding Domain (BD) and the 
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prey (library) is fused to Activating Domain (AD) of the transcription factor which will 
activate a downstream reporter gene. Activation of the downstream target will only be 
activated when BD and AD binds. The full length Igu protein was used as bait for Y2H 
assay (Hybrigenics). The library used in this assay was derived from zebrafish embryos 
(stages 18-20 hpf).  
 
In a second Y2H screen (Myriad Pharmaceuticals), full length Human DZIP1-like was 
used as the bait. Three libraries: human lung, testis and brain were used in this assay.  
 
2.17. Microscopy and figure preparation 
Stained embryos were mounted in 70% glycerol. A Zeiss compound microscope (Axio 
plan2) and an Olympus Fluoview laser scanning confocal microscope were used for high-
resolution imaging. Confocal imaging was done using PlanApo 60X and 100X lenses 




The embryos at 24 hpf were fixed with fish fix overnight at 4oC. The fixed embryos were 
washed with PBS for five times at 20 mins interval. The embryos were stored in 
methanol for a minimum of 2 hrs at -20 oC . To prepare the embryos for cryo sectioning, 
the embryos were rehydrated successively with 75%, 50% and 25% MeOH:PBS in 5 
mins interval each. Low melting agarose (LMA), stored at 4 oC, was melted at 100 oC and 
subsequently kept at 50 oC so that the temperature will not be harsh for the embryos. 
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After 25% MeOH:PBS step, the embryos were washed with PBS for 5 times at 5 min 
interval. After the last wash was completed, PBS was removed and fish fix was added to 
the sample. The fish fix was changed twice with 5 mins incubation in each interval. To 
position the embryo/tissue samples in LMA, improvised holders were created from the 
caps of eppendorf tubes. The caps from the tubes were cut and the depression in the cap 
was used to contain the sample. The embryos were removed carefully with a mounting 
needle and placed it into the cap. Excess liquid was drained using kim wipes. LMA was 
added to fill the cap. The embryo/sample was orientated quickly into the desired position 
before solidification of the LMA. Once the LMA solidified, excess agarose were trimmed 
off and a unique cut was made so that the orientation of the embryo would be easily be 
identified. The cut agarose was immersed into 30% surcose solution and stored in 4 oC 
overnight. The cyro-section machine (Leica Cryotome CM 1900) was pre-chilled for at 
least 1 hour before use. Specialised “chucks” meant for sectioning were coated with OCT 
freezing medium (Sakura Finetek #4583). The sample embeded in LMA was removed 
from the surcose solution and dried with kim wipes. The right orientation of the sample 
(according to the unique cut) was determined and placed onto the OCT layered chuck. 
Typically, the region to view and sectioned, is away from the base of the chuck. The 
agarose was then covered with OCT compound and the chuck was placed into the cryo-
section machine to equilibrate for 15 mins. The blade was sterilized with 70% EtOH 
before it was used. After 15 mins, the chuck was placed in position for sectioning. The 






COSTAL2: AN ELUSIVE MEMBER OF THE VERTEBRATE HEDGEHOG 
SIGNALING PATHWAY       
             
 
3.1. Introduction 
Orthologs of most of the core components of the Hedgehog (Hh) signaling pathway that 
were initially discovered through studies in Drosophila, have been found in vertebrates 
and shown to have conserved functions. One component of the Hh Signaling Complex 
(HSC) that was yet to be identified in vertebrate was the kinesin-like protein Costal2 
(Cos2). Cos2 plays a key role in modulating the transcriptional activity of the Drosophila 
Hh pathway (Ingham and McMahon, 2001; Lum and Beachy, 2004). In Drosophila, cos2 
mutation causes expanded decapentaplegic (dpp) and patched (ptc) expression, both of 
which are direct targets of Hh signaling and serve as read-outs for the level of Hh activity 
(Basler and Struhl, 1994; Capdevila et al., 1994; Ingham and Fietz, 1995). Adult 
Drosophila cos2 mutants display phenotypes similar to ptc mutants. This strongly 
suggests that Cos2 acts as a negative regulator of the Hh pathway, and in its absence, the 
pathway is upregulated or de-repressed. (Sisson et al., 1997). Cos2 was predicted to 
contain globular structures in the N- and C-terminal regions consisting of alternating α 
helices and β-sheets. Cos2 has about 25-30% sequence similarity to the motor domains of 
members of the kinesin protein family. It has been shown that Drosophila Cos2 is able to 
bind taxol-stabilized microtubules, a hallmark of kinesins (Robbins et al., 1997; Stegman 
et al., 2004). However, unlike conventional kinesin proteins, Cos2 remains attached to 
microtubules when exogenous ATP is provided. Thus, it has been suggested that Cos2 
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belongs to a new sub-family of the kinesin superfamily with novel properties (Sisson et 
al., 1997).  
 
In this chapter, we discussed the cloning of the first vertebrate Cos2 and show that its 
functions are conserved in the Hh pathway using several genetic and molecular analyses 
in the zebrafish (Tay et al., 2005). Current updates and progress pertaining to Cos2 will 




3.2.1 Cloning of a vertebrate orthologue of cos2 
In order to investigate the possible involvement of a Cos2-like protein in vertebrate Hh 
signaling, we did a bioinformatic search for homologous sequences in the available 
vertebrate genome databases (human and mouse). Given that the human and mouse 
genomes were better annotated than the zebrafish database at the time when this work 
was initiated, we reasoned that it would be easier to identify the gene of interest using 
these genome databases. We identified sequences in the mouse and human genome 
databases (annotated as kinesin family member 7 (Kif7)) that showed significant 
sequence similarity to the Cos2 protein of Drosophila (Fig 3.1). With this information as 
a starting point to our investigation, a pair of degenerate PCR primers was designed 
based on a highly conserved region in the three species (Drosophila, Human, Mouse). 
These degenerate primers allowed the amplification of an approximately 480 base pair 
(bp) nucleotide fragment from embryonic zebrafish cDNA that exhibited high percentage 
homology to Cos2-like sequences from the mouse and human genomes. Both 5’- and 3’-
rapid amplification of cDNA ends (RACE, Clontech) were performed with the 480bp 
fragment and a full-length cDNA containing an ORF that is predicted to encode for a 
kinesin-like protein of 1363 amino acids was assembled.  Like Drosophila Cos2 and 
other members of the kinesin heavy chain (KHC) superfamily of proteins, the N-terminal 
and C-terminal regions of zebrafish Cos2 are made up of alternating α-helices and β-
sheets that are thought to form globular structures – the motor and cargo binding domains, 
respectively (Goldstein, 1993; Robbins et al., 1997; Sisson et al., 1997).  Moreover, the 
existence of a set of heptad repeats in the central stalk region of the molecule suggests 
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potential homodimerisation through the formation of a parallel coiled-coil, consistent 
with homodimers being the functionally active form of KHC molecules.  Within the N-
terminal motor domain, the motifs for nucleotide as well as microtubule binding are well 
conserved in zebrafish and mouse. However, as reported previously (Lum et al., 2003), 
these residues are not strictly conserved in the Cos2 proteins of insects, showing some 
variation from the consensus. Several other kinesins that were identified had similarity 
that was restricted to the motor domain of Drosophila Cos2 but only zebrafish Cos2 
protein had homology that spans the length of the protein (Fig 3.1).   
 
3.2.2. Expression of the zebrafish cos2 gene and subcellular distribution of the 
Cos2 protein 
It was important to establish the expression pattern and subcellular localization of Cos2 
in order to shed light into the function of the protein. We examined the expression pattern 
of cos2 using whole mount mRNA in situ hybridization. A low level of ubiquitous 
transcription of the gene was observed at all developmental stages (Fig 3.2 A, C, D) and 
this result is consistent with the expression pattern of Drosophila cos2 which is 
maternally deposited prior to zygotic transcription (Sisson et al., 1997). Next, we wanted 
to see if cos2 is transcriptionally regulated by Hh activity. We did an in situ analysis of 
cos2 in slow-muscle-omitted (smo) mutant embryos that are incapable of Hh signal 
transduction. smo mutant contains a point mutation in  the smo gene that results in a 














 10        20        30        40        50        60      
                      |         |         |         |         |         |        
Contig# 1                                                           N4           
Anopheles    TMNIPLKVVVRLWSDP--------------------------SKDSNKPCTSNDDNNPQRDESDP-- 
Drosophila   -MEIPIQLAVRIFPHRELKDLLRSFGPTEPKKDAQAVDEGADSKDSEAQVPAAEKDNPSISETDPNG 
Human        M------------------------------------------------------------------ 
Zebrafish    M----------------------------------SPKGVGHSKVEESAVQVAVRVRPLL------- 
Mouse        M----------------------------------GLEAQRLPGAEEAPVRVALRVRPLL------- 
 
              70        80        90       100       110       120       130     
               |         |         |         |         |         |         |     
Contig# 1                                                                        
Anopheles    --------------ETHLTSAGGRTFR----------------------------------FSHVS- 
Drosophila   NAEQDSAADSKTIPDANGNDSGQKDYPDSAYCVQAIPISASALGLPSALPGGDPMDSIAAGLIQVGP 
Human        ------------------------------------------------------------------- 
Zebrafish    ---------PKEILHSHES------------CITSDP-EERRVTLGND------------------- 
Mouse        ---------PKELLHGHQS------------CLRVEP-ERGRITLGRD------------------- 
 
                140       150       160       170       180       190       200  
                  |         |         |         |         |         |         |  
Contig# 1                                          P                            
Anopheles    RTPPVRN--------QELYFESVAGLMESVLEGYDFSIVTYGAKGTGKTFTLYGATTGGSPSSPPPE 
Drosophila   HTVPVTHALPSSSSQEQVYHQTVFPLITLFLEGFDASVVTYGQRGQGKSYTLYGNVQDPTLTDS--- 
Human        ------------------------------------------------------------------- 
Zebrafish    RHFHCDFVFEDGSTQEEVYTNCVQPLIEAFFHGFNATVSAYGQTGSGKTYTI-----GEASISAFRD 
Mouse        RHFGFHVVLGEDTGQEAVYQACVQPLLEAFFEGFNATVFAYGQTGSGKTYTM-----GEASVASLHE 
 
                   210       220       230       240       250       260         
                     |         |         |         |         |         |         
Contig# 1                                             M1                        
Anopheles    EECGIVLCFVRDLFCRLNAHPERMFSISIAWSEITAGGDVIDVL--------------ENAAMVQCF 
Drosophila   TEGVVQLC-VRDIFSHISLHPERTYAINVGFVEIC-GGDVCDLL--------------GMGN-IHCT 
Human        ------------------------------------------------------------------- 
Zebrafish    DEQGIIPRAVAEIFKLLDENDLIDFSVRVSYMEVYKE-VFRDLLEVETASKDIHIREDERGNVVLCG 
Mouse        DEQGIIPRAMAEAFKLIDENDLLDCLVHVSYLELYKE-EFRDLLEVGTASRDIQLREDDRGNVVLCG 
 
            270       280       290       300       310       320       330      
              |         |         |         |         |         |         |      
Contig# 1                                      N2                               
Anopheles    -------SVEDTYALLGLGLHRRN---------G-ENHSILSLVLEQQ-----WTSVGGLNQHRQST 
Drosophila   -------NVDAVFHWLQVGLSARQ---------SLPAHTLFTLTLEQQ-----WVSKEGLLQHRLST 
Human        ------------------------------------------------------------------- 
Zebrafish    VKECEVEGLDEVLSLLESGKTARHTGATQMNPHSSRSHTIFTVLMEQR-RGGSRAAN-GSVQILSSK 
Mouse        VKEVDVEGLDEVLSLLEMGNAARHTGATHFNRLSSRSHTVFTVTLEQRGRTPSRLPRPAAGHLLVSK 
 
               340       350       360       370       380       390       400   
                 |         |         |         |         |         |         |   
Contig# 1         N3                                             M2           
Anopheles    ISFCDLRGSER----EGPDLR-----PLDNGLHKLEDIVVRRSDQ-----------YNESVLTAFLK 
Drosophila   ASFSDLCGTERC--GDQPPGR-----PLDAGLCMLEQVISTLTDPGLMYGVNGNIPYGQTTLTTLLK 
Human        ------------------------------------------------------------------- 
Zebrafish    FHFVDLAGSERILKTGNTGERLKESIQINSGLLVLGNVIGALGDPKRK---GTHIPYRDSKITRILK 
Mouse        FHFVDLAGSERVLKTGSTGERLKESIQINSTLLALGNVISALGDPQRR---GSHIPYRDSKITRILK 
 
                  410       420       430       440       450       460          
                    |         |         |         |         |         |          
Contig# 1                                                                        
Anopheles    DSFGGRAQTLLLLCVAATTLETEGTARDLEFGERAEEIVNHVVMNTFSDNNVPIVDQPEH------- 
Drosophila   DSFGGRAQTLVILCVSPLEEHLPETLGNLQFAFKVQCVRNFVIMNTYSDDNTMIVQPAEPVPESNSS 
Human        ------------------------------------------------------------------- 
Zebrafish    DSLGGNAKTLMIACISPSSSDFDESLNTLNYAKRARNIQNRATVN-CRGEPDRIEGLELQIKALRRA 
Mouse        DSLGGNAKTVMIACVSPSSSDFDETLNTLNYASRAQNIRNRATVN-WRPEAERVP--EEQAAGARGP 
 
           470       480       490       500       510       520       530       
             |         |         |         |         |         |         |       
Contig# 1                                                                        
Anopheles    -DP--------L--AGPNTNL-----------DGLYFASQQWAKLLKNAECLFTKLFSTGELNQTER 
Drosophila   AGP--------LSQAGPGDNF------------GLQFAASQWSKLVTNAEGLFSKLIDSKLITEVEK 
Human        ------------------------------------------------------------------- 
Zebrafish    LENRQRSETRIIARSDPEKRLRPFEVDVRK----LQAESAHYRTCTDSAYRLLTELQGEGTLNAGQI 
Mouse        --PRHRSETRIIHRG---RRVPCPAVGSAAVAAGLGAECARCRARTSAAYSLLRELQAEPGLPGAAA 
 
              540       550       560       570       580       590       600    
                |         |         |         |         |         |         |    
Contig# 1                                                                        
Anopheles    SQIEEWLYLKAECDDCFSSTEVSIPTGTPHPARACLGPIEEIDEAEDGTTTVHGSGKEAFPSDNESD 
Drosophila   EQIDEWLFLKQECEECLSSTE-------AMRQQKQLVPILEAEEPEDVNS--EAANSESPNSDNEND 
Human        ------------------------------------------------------------------- 
Zebrafish    LRVKEWLCGVEEERSGLTSASGLDSGIESSSTEDSTALKR--RQAVLNNQDLVKEDWRGEREDYTSQ 
Mouse        RKVRDWLCAVEGERSTLSSASGPDSGIESAPAEDQAAQGTSGRKGDEGTQQLLT------------- 
 
                 610       620       630       640       650       660       670 
                   |         |         |         |         |         |         | 
Contig# 1                             || ||| •  ||                               
Anopheles    SDICTHLTDVSDR-----IQSYMKTFQEKTNTLIMEKYE--------------------------EF 
Drosophila   TDNESHRPDLDDK-----IESLMEEFRDKTDALILEKHA--------------------------EY 
Human        -----------------------EQYKLQSDRLREQQEEMVELRLRLELVRPGWGGLRLLNGLPPGS 
Zebrafish    LQAQIQQLEQENTDFLVALEDAMEQYKQQSDKLQEQQDLIAELH-SL-LAQPG--GAGFLH------ 
Mouse        LQSQVARLEEENRDFLAALEDAMEQYKLQSDRLREQQEEMVELRLRLELAQPGWGAPGLLQGLPPGS 
 
                    680       690       700       710       720       730        
                      |         |         |         |         |         |        
Contig# 1    |  |•                                                               
Anopheles    FKTHPTGPAVGGG--------------GVGGSAGALEGADGQEQK--------------------LQ 
Drosophila   LSKHPK----------------------------AVMQSQDREIE--------------------AQ 
Human        FVPRPHTAPLGGAHAHVLGMVPPACLP--GDEVGSE-QRGEQVTNGREAGAELLTEVNRLGSGSSAA 
Zebrafish    LKQRPHTAPINSLL-QTPDRLTPPCDSDVGRSLARQLDVGASVDSSSYSEQTQWDGTHGNTHCESSR 
Mouse        FVPRPHTAPLGGAHTHMLGMMPSTCLP--GEEVSSE-QL---------EGEDVVEEVEERTVCRTGH 
 
             740       750       760       770       780       790       800     
               |         |         |         |         |         |         |     
Contig# 1                                 |                 |                    
Anopheles    TVPTRTEENKFHNPARRKSIFDSETVNSSTELTLMLPLKGESTLPA-APTALDKRLDT--------- 
Drosophila   PPEENGDDRKVSIGSRRRSV-QPGASLSTAELAMLNRVASQQPPPPIDPESVVDPLESSSGEGIRQA 
Human        SEEEEEE-----EEPPRRTLHLR--RNRISNCSQRAGARPGSLPERKGPELCLEELDAAI---PGSR 
Zebrafish    KLNRDEDGHMQTTRDKRKSINVTWTKKDIAIPQGPFGGTRTALPQTLG--LC-HPLGMQFNRRTSNS 
Mouse        TSGSEDA-----LRA------FS--SNGISNWSQRAGLSPGSPPDRKGPEVCPEEPAAAI---PAPQ 
                810       820       830       840       850       860       870  
                  |         |         |         |         |         |         |  
Contig# 1                            |   | || •|   • |•|  • |•|  |      | |  ||  
Anopheles    -------------LGSNLRICQTGIESLHAQIEEIRRTIALKQKYIADLIENSETRSVAKSRFSKKK 
Drosophila   ALAAAAATAPIEQLQKKLRKLVAEIEGKQRQLREIEETIQVKQNIIAELVKNSDTRSHAKQRFHKKR 
Human        AVGGSKARVQARQVPPAT-ASEWRLAQAQQKIRELAINIRMKEELIGELVRTGKAAQALNRQHSQRI 
Zebrafish    SIGESSVWESVRGFGGEF-CSDRGLLQAQQKIRELSITIRMKEELIKELVKTGKDAQAMNRQYSRKI 
Mouse        AVGSGKVPVQTRQAPAAM-ASEWRLAQAQQKIRELAINIRMKEELIGELVRTGKAAQALNRQHSQRI 
 
                   880       890       900       910       920       930         
                     |         |         |         |         |         |         
Contig# 1      •• • || | |•  |  |          |  |  |            |    •  | |    |   
Anopheles    HKLEAEYEKAKKQLRKAVVH--------GANKEDINRLK----------SQTSQLEQRLKDLESIGF 
Drosophila   AKLEAECDKAKKQLGKALVQ--------GRGQSEIERWT----------TIIGHLERRLEDLSSMKH 
Human        RELEQEAEQVRAELSEGQRQLRELEGKELQDAGERSRLQEFRRRVAAAQSQVQVLKEKKQATERLVS 
Zebrafish    SELEAEAEQARVELTEAQKQLQELEVQGGRDAVDRSKAQECRRKIAAAQSKVQVLKQKQRDTAQLAS 
Mouse        RELEQEAERVRAELCEGQRQLRELEGREPQDASERSRLQEFRKRVAAAQSQVQVLKEKKQATERLVS 
 
            940       950       960       970       980       990      1000      
              |         |         |         |         |         |         |      
Contig# 1    ||||•  | | •||||   ||• | ••| •| •   |  |• •|    |  |         |      
Anopheles    IAGESGHKKKKLQQSIKDSQKQLDVLQRLLKKELDRKESLEKELEVAQREAKAVR------QG---G 
Drosophila   IAGESGQKVKKLQQSVGESRKQADDLQKKLRKECKLRCQMEAEL-VKLRESRETG------KELVKA 
Human        LSAQSEKRLQELERNVQLMRQQQGQLQRRLREETEQKRRLEAEMSKRQHRVKELELKHEQQQKILKI 
Zebrafish    LSAQSERRVQELERNVQNMKQQQDLLQRRLREESQQKRRLETEMQKGKHRVKELEIKNEQQQKILRI 
Mouse        LSAQSETRLQELERNVQLMRRQQGQLQRRLREETEQKRRLETEMNKRQHRVKELELKHEQQQKILKI 
 
              1010      1020      1030      1040      1050      1060      1070   
                 |         |         |         |         |         |         |   
Contig# 1                                                    | ||                
Anopheles    SGG---------------------------------------------PLQELTES----------- 
Drosophila   QGS---------------------------------------------PEQQ--------------- 
Human        KTEEIAAFQRKRRSGSNGSVVSLEQQQKIEEQKKWLDQEMEKVLQQRRALEELGEELHKREAILAKK 
Zebrafish    KTEEIAAFQRQRRSGSNGSVVSLEEQQKIEEQKRWLDEEMEKVLDQRRGLEDLEGELTKREEILAKK 
Mouse        KTEEIAAFQRKRRSGSNGSVVSLEQQQKIEEQKKWLDQEMEKVLQQRRALEELGEELRKREVILAKK 
 
                 1080      1090      1100      1110      1120      1130          
                    |         |         |         |         |         |          
Contig# 1                 ||||          |  •|  ||  • •||| •       |   | |• ••  • 
Anopheles    -----------RSKIRN----------MNERISHIEHVLKEKSSSLKKYVNKKSAEKESLRCEIRNL 
Drosophila   -----------GRQLKA----------VQARITHLNHILREKSDNLEE--QPGPEQQETLRHEIRNL 
Human        EALMQEKTGLESKRLRSSQALNEDIVRVSSRLEHLEKELSEKSGQLRQ---GSAQSQQQIRGEIDSL 
Zebrafish    EALLWERSGLESKKLRSSQALSQDLLTLSSRIESLERELTERNGLLRS---GSAQDSQQIRQEISNL 
Mouse        EALMQEKTGLESKRLRSSQALNEDIVRVSSRLEHLEKELSEKSGQLRQ---GSAQNQQQIRGEIDTL 
 
          1140      1150      1160      1170      1180      1190      1200       
             |         |         |         |         |         |         |       
Contig# 1    •  || •| |• ||• ••||| | |  ••• • | ••••••|••••• ••• •  ||           
Anopheles    RRTRDHLVEQRCQLDRKLREDKMPSFDEERKLVECDEAIEAIDAAIEMKNELICGRKSIDTDESLQR 
Drosophila   RGTRDLLLEERCHLDRKLKRDKVLTQKEERKLLECDEAIEAIDAAIEFKNEMITGHRSIDTSDRIQR 
Human        RQEKDSLLKQRLEIDGKLRQGSLLSPEEERTLFQLDEAIEALDAAIEYKNEAITCRQRVLRASASLL 
Zebrafish    RQEKELLLKQRVELDDKLRQGNLLSPEEERTLFQLDEAIEALDAAIEYKNEAITQRQRQLRASGSML 
Mouse        RQEKDSLLKQRLEIDSKLRQGSLLSPEEERTLFQLDEAIEALDAAIEYKNEAITCRQRVLRASASLL 
 
             1210      1220      1230      1240      1250      1260      1270    
                |         |         |         |         |         |         |    
Contig# 1     | •  •••|•  ••  • •|•• ••• ••| •||  || || |  ••   |  |     •  || | 
Anopheles    EKGEQMLMARLNKLSLDEMRTLLYKYFQKVVDLKEASRKLELQFIALERERDAWEWQEKILTNTIRQ 
Drosophila   EKGEQMLMARLNRLSTEEMRTLLYKYFTKVIDLRDSSRKLELQLVQLERERDAWEWKERVLSNAVRQ 
Human        SQCEMNLMAKLSYLSSSETRALLCKYFDKVVTLREEQHQQQIAFSELEMQLEEQQRLVYWLEVALER 
Zebrafish    TQWEMNLMAKLTYLSASETRALLCKYFDKVVSLREEERRLQMALAELELRVEEQQNLVGWLEAALER 
Mouse        SQCEMNLMAKLSYLSSSETRALLCKYFDKVVTLREEQHQQQIAFSELEMQLEEQQRLVYWLEVALER 
 
                1280      1290      1300      1310      1320      1330      1340 
                   |         |         |         |         |         |         | 
Contig# 1     |•• |•     •||•• || •|•||   | | | |    |     | •                   
Anopheles    TRLEKERSIVALQKQHETKLNLMLRHFAADTSASITSTIPD-----NALQQHPPPYHAEFVLGSGAA 
Drosophila   ARLEGERNAVLLQRQHEMKLTLMLRHMAEETSAS-SASYGE-----RAL---APACVAPPVQASSDF 
Human        QRLEMDRQLTLQQKEHEQNMQLLLQQSRDHLGEGLADSRRQYEARIQALEKELGRYM--WINQELKQ 
Zebrafish    QQLEADRRLTQQQKEHERNIQLLLQQCREQMDEGLAGRLRQYEGLIHNLSKELNFCK--IANQELNI 
Mouse        QRLEMDRQLTLQQKEHEQNVQLLLQQGRDHLGEGLADSKRQYEARIHALEKELGRHM--WINQELKQ 
 
                   1350      1360      1370      1380      1390      1400        
                      |         |         |         |         |         |        
Contig# 1                •    |                                 |     |          
Anopheles    RYHHHVQYETDDGETTTS--AEPSLLAAGHSSKQLAHYKPGALAAAAAHSSNSAALAHRGGGVVQQV 
Drosophila   DYDH---FYKGGGNPSKALIKAPKPMPTGSA---LDKYKDKEQRSGRNIFAKFHVLTRYASAAAAGS 
Human        KLGGVNAVGHSRGGEKRSLCSEGRQAPGNEDELH-LAPELLWLSPLTEGAPRTREETRDLVHAPLPL 
Zebrafish    KLREMCGPVNLTGEQCKGLNCDSLLLAGAQSRV----AEDVKPIIDAERVQKSREEMREPVNAPLPA 
Mouse        KLSAGSTAGQSRGCERRSLCLENRQCLGNEDGLHPAAPEPLWQSSLLEGVSRVWDESRDLVHAPLPL 
 
            1410      1420      1430      1440      1450      1460      1470     
               |         |         |         |         |         |         |     
Contig# 1                                                      |        |        
Anopheles    QQPPL---AALGEKEHRPKSKLFSKLQVLSRYHGSDKRKIFQSDIPQQNLKQLQGASRPSLTKVTRE 
Drosophila   SGSTAEESTALIESTTTATATTTSTTTTGAV--GKVKDKALVS-FRPEQLKRLMPA--PTATKVTRQ 
Human        TWKRSSLCGEEQGSPEELRQREAAEPLVGRVLPVGEAGLPWNFG---PLSKPRRELRRAS------- 
Zebrafish    TWRRSSLPTEDQYTMEELRQRAACELPNNRIVQPGMNSTHWSGSTSLPVTRPRREPRRSSLNTAPLY 
Mouse        TWKRSSLCSE-QGSSEESRVRETTEPPVGRVLPMGEVGLSWNFG---PLPKPRWEPRRTS------- 
 
               1480        
                  |        
Contig# 1        |•|       
Anopheles    KNKIIIQSDGGSK 
Drosophila   KNKIIIQDASRRN 
Human        --PGMIDVRKNPL 
Zebrafish    SSSAIIDVRRNPV 
Mouse        --PGMIDVRKNPL 
 
Fig. 3.1 Alignment of Cos2 sequences from insects and 
vertebrates.  The nucleotide (N4, P, N2, and N3) and 
microtubule binding (M1, M2) motifs in the motor domain 
are highlighted in colour.  The amino acid sequence corresponding to the degenerate primer pairs used to obtain a 480 
bp nucleotide fragment of zebrafish cos2 are underlined.  Accession numbers: AAB66813 (Drosophila), XP_309818 
(Anopheles), XP_133575 (mouse), XP_226596 (rat, not shown) and NP_940927 (human).  Sequence of all Cos2 
proteins other than that of Drosophila and zebrafish are predicted by automated computational analysis with supporting 




there are no obvious differences in the level of transcripts between the wild
type and smo mutants (Fig 3.2 A). Furthermore, we also showed that in embryos injected 
with synthetic mRNA encoding zebrafish Sonic Hedgehog (Shh) proteins that result in 
ectopic Hh signaling, the embryos exhibit no discernible variation in cos2 expression 
pattern. Thus, in both loss- and gain-of-function assays of the Hh pathway, the level of 
cos2 is not affected, indicating that cos2 is not transcriptionally regulated by Hh activity 
(Fig 3.2 B).  
 
In Drosophila, cos2 in situ shows a rather ubiquitous expression and is not affected by 
Hh activity. However, the level of Cos2 protein appears otherwise. In previously 
published data, the protein level has been shown to be dependent on the level of Hh 
signaling activity, and is clearly modulated in developing embryos as well as in limb 
imaginal disks (Ogden et al., 2003; Ruel et al., 2003). We sought to examine if this is true 
in the vertebrate context. One of the difficulties faced when using zebrafish as a model, is 
the lack of readily available antibodies. Since we did not have an anti-Cos2 antibody to 
detect the endogenous pattern of the protein, a fusion construct with GFP tagged at the N-
terminal of Cos2 was made. This way, we could visualize its subcellular localization by 
monitoring embryos injected with synthetic mRNA encoding the GFP-tagged Cos2 
protein. The paraxial mesodermal cells of the somites were chosen for studying the 
subcellular localization of the protein because they represent a relatively uniform set of 
cells that do not respond to Hh signal under normal circumstances (Wolff et al., 2004). 
Paraxial mesodermal cells can be exposed to Hh signaling by overexpression of the Shh 




Fig. 3.2 Expression pattern of the zebrafish cos2 gene and sub-cellular distribution of the Cos2 protein.  (A) 
cos2 expression in a 12 somite stage embryo derived from a cross of heterozygous smub641 parent fish.  The 
expression is indistinguishable in wild-type embryos and their homozygous mutant smo siblings.  (B) cos2 
expression in a 12 somite stage wild-type embryo injected with Shh mRNA.  (C) Flat mount of a 15 somite 
wild-type embryo with uniform expression of cos2 in somitic cells (arrows) and the midline (asterisk).  (D) 
Lateral view of the myotome of a wild-type embryo at 24 hours post fertilisation (hpf) showing cos2 
expression in muscle fibres.  (E) Somitic cells of a 2-3 somite stage wild-type embryo injected with GFP-
Cos2 RNA exhibiting cytoplasmic distribution of the fusion protein (n = 5/5).  (F) Superimposition of the 
GFP channel depicted in (E) with that of ToPro-3 fluorescence to highlight the nuclei.  (G) Somitic cells of 
a 2-3 somite stage wild-type embryo injected with GFP-Cos2 RNA and stained with antibodies to β-tubulin 
showing the cytoplasmic distribution of microtubules.  (H) Superimposition of the image in (G) with the 
pattern of GFP-Cos2 distribution reveals substantial overlap of the GFP signal and the microtubules.  
Panels illustrating embryos in this and subsequent figures are oriented anterior to the left and dorsal to the 
top, unless mentioned otherwise. (A-D were taken with 40X lens while E-H were taken with 63X oil lens) 
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localized exclusively to the cytoplasm (Fig 3.2 E, F).  When overexpressed with Shh 
proteins, embryos exhibited ectopic Hh signaling but showed no difference in the 
subcellular distribution of GFP-Cos2, indicating that the protein localization pattern does 
not change in response to Hh activity (data not shown).  
 
Cos2, being a kinesin-like protein, has been shown to be a microtubule binding protein by 
its colocalization with microtubules in the cytoplasm in the epidermal cells of the 
Drosophila embryo (Sisson et al., 1997). To verify that zebrafish Cos2 also binds 
microtubules, we performed an antibody staining of β-tubulin in embryos injected with 
synthetic mRNA encoding GFP-Cos2. Alpha and beta tubulin subunits form a 
heterodimer which is the basic building block of microtubules and they are ubiquitously 
expressed in eukaryotic cells. We assessed the pattern of GFP-Cos2 and microtubules in 
the cytoplasm of the somitic cells and found a substantial overlap of the two proteins, 
similar to that observed in Drosophila embryos (Fig 3.2 G, H). In addition to this in vivo 
assay done in zebrafish, another in vitro experiment was performed using cell lines. In 
mammalian 293T cells transfected with plasmid encoding GFP-Cos2, significant 
colocalisation of GFP with β-tubulin was observed (Fig 3.3 A-C). With these two 
observations, we showed that there is a very high possibility that zebrafish Cos2, like its 













Fig.3.3 Localisation of Cos2-GFP with microtubules in 
mammalian cells.  (A) Distribution of GFP-Cos2 in transfected 
293T cells.  (B) Pattern of β-tubulin distribution in the same 
cells depicted in (A).  (C) Merged image of the panels shown in 
(A) and (B).  Arrows point to distinct foci of GFP and β-tubulin 
co-localisation. (A-C taken with 100X lens) 
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3.2.3. Cos2 as a repressor in Hh signaling pathway affecting myotome of the 
zebrafish embryo 
Loss of function experiment can provide useful information pertaining to the function of 
genes. In our case, a zebrafish mutant for cos2 would have been useful for this type of 
study. Unfortunately, there is no known zebrafish cos2 mutant, so a well-established 
technique using antisense morpholino oligonucleotides (MOs) (Nasevicius and Ekker, 
2000) was used to knock down the activity of Cos2 protein and the effects of this loss-of-
function on Hh signaling during development were assessed based on transcriptional 
activity of Hh signaling. Ptc1, being a direct and immediate transcriptional target of Hh 
signaling, serves as an excellent readout for the level of Hh activity in responding cells 
(Concordet et al., 1996). We designed two different MOs against cos2 mRNA. Both MOs 
should result in a similar phenotype if they are specific to the gene of interest. One of the 
MO targets the translational start, thus inhibiting translation of the protein while the other, 
a splicing MO targets between the first coding exon and the succeeding intron resulting in 
mis-splicing of the mRNA (Fig 3.4 A). Injection of either MO or a combination of both 
resulted in ectopic activation of the Hh pathway, as shown by the upregulation of ptc1 
expression (Fig 3.4 B, C). The expansion in the domain of ptc1 which is equivalent to 
increased Hh activity showed that Cos2 acts as a negative regulator of Hh pathway, and 
knocking down its activity activates this pathway.  
 
To further prove that Hh activity is ectopically activated in the morphants (i.e. 
morpholinos injected embryos), we made used of the well established muscle 
development model. In the zebrafish myotome, the differentiation of different muscle 
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Fig. 3.4 Loss of Cos2 function results in de-repression of the Hh pathway in the myotome of the 
zebrafish embryo.  (A) Nucleotide sequence of the first protein coding exon of cos2 and the flanking 
introns.  The start codon is indicated in green.  The sequences targeted by the start and splice MOs are 
highlighted in turquoise.  (B) 2 somite stage wild-type embryo, showing the pattern of ptc1 transcription.  
The precursors of the SSFs and MPs (arrows) and the neural plate (asterisk) are indicated.  (C) Similar 
flat mount of a cos2 morphant with expanded domain of ptc1 expression (denoted by brackets) in the 
somitic mesoderm (n = 9/16).  (D) Lateral view of the myotome of a 24 hpf wild-type embryo showing 
the SSFs (stained for expression of the homeodomain protein Prox1, green) and the MPs (homeodomain 
proteins of the Engrailed (Eng) family, red).  Within the slow muscle lineage, Prox1 and Eng are positive 
in MP (yellow) are indicated (arrows).  (E) A similar stage cos2 morphant with supernumerary MP cells 
(n = 6/7).  (F) Medial view of the myotome of a 24 hpf wild-type embryo.  MFFs surround the MPs and 
express low levels of Eng (arrows).  (G) MFFs are increased in numbers in cos2 morphants (n = 5/7).  (H) 
Myotome of an embryo co-injected with cos2 MOs and cos2 sense mRNA, showing effective 
suppression of supernumerary MP induction that is observed in cos2 morphants (n = 12/12).  (B-H taken 
with 40X lens) 
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fiber types – superficial slow-twitch fibers (SSFs), muscle pioneer (MP) slow fibers and 
medial fast-twitch muscle fibers (MFFs), depend on the levels and timing of Hh activity 
(Lewis et al., 1999; Wolff et al., 2003). The distinct muscle fiber differentiation is 
dependent on both Gli1 and Gli2 transcription factors. The identity of the muscle types 
serves as readout on the level of Hh signaling (Wolff et al., 2003). Consistent with the 
expansion of ptc1, the morphants showed an increase in all three Hh-dependent muscle 
fiber types as a result of Cos2 inactivation. Although an increase was observed in all 
three types of muscles, more pronounced effects were seen in the numbers of MPs and 
MFF (Fig 3.4 D-G) which are defined by high level of Hh activity.  
 
In order to verify that the abnormal phenotype is a result of the loss of Cos2 protein 
function, a rescue experiment was carried out. In the morphants, the splice MO prevents 
proper splicing of mRNA and the immature RNA will be subjected to degradation. By 
co-injecting synthetic mRNA encoding the gene of interest, the cells will be able to 
compensate for the loss of endogenous protein. Embryos were co-injected with Cos2 MO 
and synthetic mRNA encoding GFP-Cos2. The increased numbers of Hh-dependent 
muscle fiber types observed in the Cos2 morphants (Fig 3.4 E) were suppressed in 
embryos co-injected with MO and mRNA (Fig 3.4 H). This rescue result indicates that 
the ectopic upregulation of the Hh pathway in the Cos2 morphants is a result of loss of 
Cos2 function.  Taken together, we showed that Cos2 acts as a negative regulator of the 
Hh pathway, and the designed MOs can result in improper translation or splicing of the 




3.2.4. Cos2 inactivation affects the developing neural tube 
Cell types in the ventral neural tube of all vertebrate embryos are specified in response to 
a graded level of Hh signaling (McMahon et al., 2003). There are 2 types of cells in the 
ventral most position of the neural tube in zebrafish, namely medial and lateral floor plate 
(MFP and LFP) cells (Odenthal et al., 2000). MFP formation is independent of Hh 
signaling but the activity of Hh is essential for LFP fate. Previous work had demonstrated 
that mutations in Hh signaling components that affect signal transduction also impaired 
the development of LFP cells (Odenthal et al., 2000). We looked at the fork head domain 
4 (fkd4) gene whose expression marks all the cells of the MFP and LFP (Odenthal et al., 
2000). In situ analysis of fkd4 in Cos2 morphants showed an enlargement in the LFP and 
an upregulation of fkd4 expression in cell populations of the ventral mid- and hindbrain 
(Fig 3.5 A-D). The expression of fkd4 in the mid- and hindbrain is expected because Hh 
signaling is also required for cell fate specification in the brain (Karlstrom et al., 
1999; Karlstrom et al., 2003). Together with these results, the loss-of-function data 
showed that Cos2 acts as an intracellular repressor of Hh signaling in zebrafish and this 
function is conserved in the Hh pathway. 
 
3.2.5. The activity of zebrafish Cos2 is epistatic to Shh and Smo 
In order to verify that Cos2 function is repressing the activity of Hh, and the increase in 
the number of Hh-dependent muscle cell types in Cos2 morphants is a result of de-
repression of the Hh pathway, we injected the MOs into two other different mutants; 
sonic-you (syu) (Schauerte et al., 1998; van Eeden et al., 1996) and smo (Chen et al., 
2001; Varga et al., 2001). The syu and smo mutants have a deletion of the shh gene and a 
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 Fig. 3.5 Inactivation of Cos2 function induces ectopic Hh signalling in the ventral neural tube.  (A) 
fkd4 expression in the ventral neural tube (MFP and LFP cells) of a 22 somite stage wild-type embryo.  
(B) Up-regulation of the levels and expansion in the domain of fkd4 expression in the ventral neural 
tube of a 22 somite stage cos2 morphant (n = 16/22).  (C) Expression pattern of fkd4 in ventral cell 
populations of the developing mid- and hind-brain of a 22-somite stage wild-type embryo.  (D) 
Increased levels and enlargement of the domain of fkd4 in ventral cell populations of the developing 




Fig. 3.6. Cos2 is epistatic to shh and smo.  (A) Eng expression in the MPs (long arrows) and MFFs (short 
arrow) revealed by histochemistry in a 24 hpf wild-type embryo.  (B) Eng expression is absent from the 
myotome of a 24 hpf shh mutant embryo.  (C) Restoration of Eng expressing MP cells (arrows) in the 
myotome of a shh mutant embryo injected with cos2 MOs (n = 9/12).  (D) Myotome of a 24 hpf wild-type 
embryo stained with antibodies to slow MyHC showing the pattern of the SSFs.  (E) Slow MyHC 
immunoreactivity is completely absent from the myotome of a 24 hpf smo mutant embryo consistent with the 
lack all SSFs as well as MPs.  Like syu embryos depicted in (B), smo mutants also lack all Eng expression 
from the myotome (data not shown; see also Barresi et al., 2000; Wolff et al., 2003).  (F) Slow fibres are 




mutation in the Smo protein, respectively. Inhibiting the function of Smo or Shh can 
repress the Hh pathway, but to varying degrees. syu mutants that lack Shh activity show 
formation of SSFs but absence of all MPs (Lewis et al., 1999; Schauerte et al., 1998) 
which form in response to the highest level of Hh signaling. In syu mutants injected with 
Cos2 MO(s), the MPs were restored, indicating restoration of high level Hh activity (Fig 
3.6 A-C). smo mutants have a non-functional Smo that inhibits activation of all Hh 
activity, resulting in the complete absence of all Hh-dependent muscle cell types (Barresi 
et al., 2000). MO-mediated loss of Cos2 function in smo mutants resulted in restoration 
of some SSFs, a muscle cell type which requires the lowest level of Hh activity. This 
indicates that Hh activity, possibly through activation of Gliact was restored when Cos2 is 
inhibited in smo mutants (Fig 3.6 D-F). Thus, in circumstances where Smo-dependent 
signal transduction is completely abolished, inhibition of Cos2 can result in re-activation 
of the pathway to a certain extent. This shows that Cos2 acts downstream of Smo to 
modulate the Hh pathway. 
 
3.2.6. Cos2 and Su(fu)- the two repressors of Hh signal transduction 
Overexpression of Hh in smo mutants can result in efficient rescue of the SSF and MP 
cell fate which is akin to the response to high level of Gliact activity. Although we showed 
that Cos2 acts as an intracellular repressor in Hh pathway, it was perplexing that the 
knockdown of Cos2 did not have a similar effect as ectopic expression of Shh.  
 
A similar inefficient de-repression of the Hh pathway was reported in an earlier 
publication for the Drosophila cos2 mutant (Wang et al., 2000b). Drosophila cos2 mutant 
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cells in the wing disc located away from the source of Hh, exhibited cell autonomous 
upregulation of the signaling activity depicted by the accumulation of Ci levels versus 
wild-type cells in the same location. This showed that inhibition of Cos2 activity can 
result in a cell autonomous upregulation of signaling, independent of the availability of 
Hh ligand. However, the elevated level of Hh signaling in cos2 mutant cells in 
Drosophila did not reach the maximum level observed when Hh was misexpressed or 
when the receptor Ptc1 was lost. Indeed, another key protein in the pathway, Suppressor 
of Fused (Su(fu)) that binds to and controls the activity of the transcription factor Ci, is 
thought to play a repressive role when Cos2 is absent. In the absence of Cos2, Ci 
becomes untethered from the microtubules but remains bound to Su(fu). This prevents its 
translocation into the nucleus to activate the pathway. Wang et al generated cos2 mutant 
clones in Su(fu) mutant fly imaginal discs and found that in the double mutant cells, the 
Hh pathway was maximally activated.  Thus, these results showed that Su(fu) attenuates 
Ci activity in cos2 mutant cells. 
 
We investigated whether the inhibitory effect of Su(fu) prevented the maximal de-
repression of the signaling pathway in the zebrafish Cos2 morphants. Indeed, embryos 
co-injected with MOs against Su(fu) and cos2 displayed a marked increase in Hh 
signaling, depicted by a substantial increase in the number of all muscle cell types that 
depend on Hh activity (Fig 3.7 A, B). In order to demonstrate a more convincing de-
repression of the pathway, we injected the MOs (either singly or in combination) into 
smo mutants that lack all Hh dependent muscle cell types. Similar to the loss of Cos2, 




Fig. 3.7 Loss of Su(fu) activity enhances de-repression of Hh signalling in Cos2 morphants.  (A) A 24 hpf 
wild-type embryo injected with MOs against Su(fu) and cos2 and stained with antibodies against Prox1 and 
Eng, showing very large numbers of supernumerary MP cells in the myotome (n = 18/23).  Compare with 
Fig. 3.4E, F.  (B) The embryo depicted in (A) in medial view, showing extensive expansion in the numbers 
of Eng expressing MFFs (n = 20/23).  Compare with Fig. 3.4G, H.  (C) Injection of Su(fu) MO into smo 
mutants restores some slow fibres (n = 16/22).  Compare with Fig. 3 6D, E.  (D) Injection of Su(fu) as well 
as cos2 MOs into smo embryos results in the recovery of substantial numbers of slow fibres (n = 16/19).  
Compare with Fig. 3.6D, E.  (E) A Su(fu) and cos2 MO co-injected smo embryo, stained with anti-Eng and 
anti-Prox1 antibodies, showing restoration of SSFs as well as MPs (arrows; n = 10/18).  (F) A Su(fu) and 




the formation of a few SSFs in the myotome of smo embryos (Fig 3.7 C). In contrast, co-
injection of both Cos2 and Su(fu) MOs into smo embryos resulted in the differentiation of 
numerous SSFs and MFFs, as well as some MPs which require the highest level of Hh 
signaling (Fig 3.7 D-F). This proves that the activities of both Cos2 and Su(fu) need to be 
inhibited in order for Hh activity to be at its maximum signaling capacity.   
 
3.2.7. Cos2 interacts with transcription factor Gli1 
Ci’s activity has been shown to be modulated by Su(fu) which binds to and prevents its 
translocation into the nucleus (Monnier et al., 1998; Preat, 1992). Furthermore, Cos2 also 
binds to Ci and prevents its nuclear import, thereby inhibiting its activity (Wang et al., 
2000b). In zebrafish, the Ci homologue, Gli1 plays a crucial role in activating Hh-
dependent target genes (Karlstrom et al., 2003; Wolff et al., 2003). We wished to 
investigate if zebrafish Cos2 interacts physically with the intracellular component of the 
Hh pathway, in particular the transcription factor Gli1. We established a similar assay to 
test for the association of zebrafish Cos2 and Gli1 proteins. The positive control in this 
assay was based on the known fact that vertebrate Su(fu) can modulate the activity of 
Gli1 by binding to it (Ding et al., 1999; Kogerman et al., 1999; Murone et al., 
2000; Pearse et al., 1999; Stone et al., 1999). A fusion construct tagging the N-terminal of 
Su(fu) with GFP and a His-tagged version of Gli1 were designed. in vivo assay using Co-
IP were performed to determine protein-protein interaction. Positive control with Gli1 
and Su(fu) as previously documented were used in this assay (Fig 3.8 D). Using similar 
conditions, we transfected both GFP-Cos2 and Gli1-His and were able to demonstrate 




Fig 3. 8 Zebrafish Cos2 physically associates with Gli1.  (A-C) Western blots of lysates from 293T cells 
transfected with GFP-Cos2 (A), Su(fu)-GFP (B) and His-Gli1 (C) constructs, showing the expected bands 
(marked with asterisk) of the fusion proteins (lanes numbered 2).  Untransfected 293T cell lysates served as 
controls (lanes numbered 1).  In contrast to Cos2 and Gli1, we consistently observed higher levels of Su(fu) 
protein expression in these transfection experiments.  (D) Lanes 1-6 show lysates from untransfected 293T 
cells (1) or those transfected with various constructs (2-6), immunoprecipitated with anti-GFP and western 
probed with anti-His antibodies, respectively. The expected 220 kDa band of His-Gli1 (marked with 
asterisk) is observed only in lanes 5 and 6.  
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type of tag did not affect the association of proteins, GFP was replaced with a MYC tag 
in Cos2 and the MYC-tagged Cos2 was also able to pull down Gli1-His (data not shown). 
Thus, the formation of a Gli1-Cos2 complex is conserved between vertebrate and 
invertebrate. Like its Drosophila homolog, vertebrate Cos2 role in the vertebrate Hh 
pathway may also be critical in regulating the activity of the transcription factors. 
 
3.3. Discussion and Conclusion 
Since the discovery of Hh genes in vertebrates, several molecular and genetic studies 
have pointed towards the importance of this pathway in relation to diverse biological 
processes (Chang et al., 1994; Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 
1993; Roelink et al., 1994). However, most of the studies were obtained originally from 
studies in Drosophila where Hh was first discovered (Nusslein-Volhard and Wieschaus, 
1980). The homologs of the major components of the Hh pathway were found to be 
conserved in vertebrates, which suggests that the pathway is evolutionarily conserved.  
 
Even after a decade since the discovery of Hh genes, an ortholog of the core member of 
the HSC in vertebrates, the kinesin-related protein Cos2, had remained unidentified. The 
stumbling block that prevented its discovery could be attributed to the ambiguity 
pertaining to the precise kinesin family member. With advances in bioinformatics and 
better annotation of various vertebrate genomes, we identified the first vertebrate Cos2 in 
zebrafish that is annotated as Kif7 in other vertebrate genomes. We provided several lines 
of evidence to show that it functions as a negative regulator of Hh signal transduction like 
its counterpart in flies. Firstly, with bioinformatic analysis, we showed that the kinesin-
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related protein shares a significant degree of sequence similarity to Drosophila Cos2. 
Secondly, inhibition of zebrafish Cos2 resulted in ectopic Hh signaling in the somites and 
ventral neural tube. This is reminiscent of the de-repression of the Hh pathway observed 
in Drosophila Cos2 mutants. Lastly, using a biochemical approach, we showed that this 
kinesin is able to form a complex with the Hh transcription factor Gli1, similar to the Ci 
by Drosophila Cos2. All the data presented in this chapter are consistent and supportive 
of the view that this is the first vertebrate orthologue of Drosophila Cos2 and its function 
seems to be conserved.  
 
Although both Cos2 and Ptc1 are negative regulators of the Hh pathway, there is a 
difference in the level of control conferred by these two proteins. Inhibition of Cos2 
activity results in a lower level of activation of the Hh pathway compared to inhibition of 
Ptc1 activity. There are a few explanations for this effect. Firstly, MO-knock down of a 
gene dramatically reduces but does not completely eliminate the translation of the gene 
product (Nasevicius and Ekker, 2000) and this may account for the limited de-repression 
of the Hh pathway observed in cos2 morphants. In addition, considering the high level of 
similarity between Cos2 and other kinesin family members, we cannot rule out the 
existence of an additional paralog(s) of Cos2 in the zebrafish genome. Supporting this 
idea of paralog(s), other vertebrate proteins in the Hh pathway like Hh, Ptc and Gli are 
also known to have additional paralogs, with overlapping functions in the regulation of 
signaling activity. Although we are not able to rule out the absence or presence of other 
Cos2 paralogs, we were able to show that a dramatic upregulation of Hh signaling can be 
achieved by inhibiting both Cos2 and Su(fu). The latter is a known antagonist of the Hh 
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Ci in flies and Gli1 in the vertebrates. The additive negative effect of Cos2 and Su(fu) on 
the Hh pathway seems to be conserved from flies to the vertebrates. 
 
Previous findings suggest another role for fly Cos2 through its association with the C-
terminal intracellular tail of Smo (Jia et al., 2003; Lum et al., 2003; Ogden et al., 
2003; Ruel et al., 2003). In light of recent evidence that mammalian Smo can function 
even in the absence of Cos2 binding domains, there seems to be a deviation in the 
signaling cascade in the invertebrates (Varjosalo et al., 2006). In addition, we still do not 
have a complete understanding of the links between Smo, Cos2, Su(fu), Fu and Glis, and 
the roles of these newly identified components that were previously not annotated in flies. 
It is not known how the complex downstream of Smo transduces the signal when Hh 
ligand binds to its receptor Ptc1. However, it has been established that Drosophila Smo 
accumulates at the cell surface when Hh is activated (Denef et al., 2000) and this requires 
phosphorylation of Smo by the  kinases, PKA and CKI  (Apionishev et al., 2005; Jia et al., 
2004; Zhang et al., 2004). New data involving Cos2 shows that overexpression of Cos2 
blocks Smo accumulation at the plasma membrane and Fu antagonizes this activity of 
Cos2 through phosphorylation (Liu et al., 2007). The mammalian homologue of 
Drosophila Cos2, Kif7 has recently been identified (Cheung et al., 2009; Endoh-
Yamagami et al., 2009; Liem et al., 2009). Similar to our findings in zebrafish, mouse 
Kif7 binds to the Gli transcription factors, and knock out (KO) of Kif7 results in ectopic 
activation of the Hh pathway as shown by the expanded domains of ventral neurons in 
the neural tube. In particular, Kif7 regulates processing of Gli3 into its repressor form 
(Endoh-Yamagami et al., 2009). In Kif7 KO mice, Gli3 processing is down regulated, 
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resulting in the more stable full length form. Thus, Hh pathway is upregulated in Kif7 
KO mice due to the lack of the Gli repressor forms.  Mammalian Kif7 has been shown to 
localize to cilia (Endoh-Yamagami et al., 2009; Liem et al., 2009). An interesting finding 
on mouse Kif7 is that it belongs to the kinesin-4 family and has a functional N-terminal 
motor domain that can transport cargo away from the minus ends of microtubules. 
Overexpression of Hh can cause Kif7 to move from the base to the tip of the cilium 
(Cheung et al., 2009; Endoh-Yamagami et al., 2009; Liem et al., 2009). In the context of 
zebrafish, it will be interesting to see if Cos2 behaves in a similar pattern as Kif7 or it has 
a closer similarity to its Drosophila homolog. 
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Chapter 4  
THE Iguana/DZIP1 PROTEIN IS IMPORANT FOR CILIOGENIC PATHWAY 
  
             
 
4.1. Introduction 
Cilia are found on almost every vertebrate cell types (chapter 1.6). This small organelle 
once thought to be a vestigial structure, has been found in recent years to be the platform 
for several signaling pathway (such as Hh, Wnt) important for animal development 
(Hong and Dawid, 2009; Jacoby et al., 2009; Schneider et al., 2005). Mis-regulation of 
the ciliogenic pathway that leads to abnormal cilia formation can cause human diseases 
collectively known as ciliopathies (Bacallao and McNeill, 2009; Cardenas-Rodriguez and 
Badano, 2009; Yen et al., 2006). Cilia-related malfunction can affect organs functioning, 
leading to single or multi-organ breakdown. Cilia also play important roles in numerous 
developmental processes including skeletal and nervous system functioning. Although 
the cilium is a tiny organelle, a database for ciliogenic proteins has listed more than 1000 
members (http://www.ciliaproteome.org). In this large database, not all the proteins have 
a direct role in ciliogenesis while other proteins such as IntraFlagellar Transport (IFT) 
and Bardet-Biedl Syndrome (BBS) (Gherman et al., 2006) are evolutionarily conserved 
ciliary proteins. However, much remains to be learnt on the biology of cilia and the 
genetic program that governs ciliogenesis.  
 
Our group and Sekimizu et al. have previously characterized Iguana/DZIP1 (Igu) as a 
coiled-coil domain protein that is required for Hh-dependent specification of cell fates in 
the zebrafish embryos (Sekimizu et al., 2004; Wolff et al., 2004). The iguana (igu) 
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mutant allele is predicted to encode a truncation of the protein and the mutants display 
abnormality in Hh signaling, exhibiting an enigmatic combination of both gain- and loss-
of function phenotypes (Sekimizu et al., 2004; Wolff et al., 2004). Using the well 
characterized muscle development model, it was shown that specification of different 
type of slow muscles in zebrafish, is dependent on the distinct levels of Hh signaling 
(Wolff et al., 2004). In igu mutants, cell types that require maximal levels of Hh signaling, 
like the muscle pioneers (MPs) are lost or reduced; cells that require submaximal 
signaling activation like Medial Fast Fibers (MFFs) are over produced while cells that 
require the lowest level of signaling like Superficial Slow Fibers (SSFs) are partially 
reduced. Using genetic approaches, the authors have shown that Igu functions 
downstream of Smoothened (Smo) and upstream of the transcription factor Gli proteins 
in the Hh pathway. 
 
The dual effects of igu mutation on the Hh pathway (both up- and down regulation), are 
remarkably similar to Hh signaling defects found in mouse mutants with primary cilia 
defects (Huangfu et al., 2003). The chicken talpid mutant also exhibits opposing effects 
on Hh signaling as seen in both the zebrafish igu and mouse cilia mutants (Davey et al., 
2007). Talpid gene has recently been found to encode for a centrosomal protein and its 
mutation leads to mis-regulation of ciliogenesis (Yin et al., 2009).  
 
The similarity in defective Hh signaling in mouse and chicken cilia mutants led us to 
investigate if ciliogenesis is also affected in the zebrafish igu mutants. In this chapter, we 
describe the assays that were performed to show that Igu/DZIP1 is an important 
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component of ciliogenesis and critical for axonemal biogenesis. The importance of this 
new function explains for the abnormalities in Hh signaling in igu mutants, and places 




4.2.1. The role of Igu in primary cilia formation 
There are two types of cilia; the primary and motile cilia. They are structurally made up 
of two distinct parts; the axoneme and the basal body which can be labeled with 
acetylated and gamma (γ) tubulin antibodies, respectively. Whole mount immuo-
fluorescence stainings of zebrafish embryos with the acetylated and γ-tubulin antibodies  
show that almost all cells have primary cilia that measure about 1-1.5 µm in length (Yu et 
al., 2008).  
 
We investigated the onset of ciliogenesis and found the presence of cilia-like structures as 
early as 2 hours post fertilization (hpf), and this persisted through embryogenesis (Fig 4.1 
A-C). Presence of motile cilia has also been previously described in the pronephric ducts 
and Kupffer Vesicle (KV) (Essner et al., 2005; Sun and Hopkins, 2001).  However, 
because igu can only be phenotypically differentiated at 24 hpf, we chose 24 hpf embryos 
to study the effect of Igu on ciliogenesis. Mounting embryos laterally allows visualization 
of the primary cilia in the muscle cells and the motile cilia in the pronephric duct just 
above the yolk extension. Because of the minute size of primary cilia and the depth of the 
muscle cells, confocal imaging was used to scan the myotome. Confocal scans revealed 
abundance of primary cilia on the surfaces of the muscle cells of 24 hpf wild-type 
zebrafish embryos (Fig 4.2 A). In contrast, primary cilia were completely absent in the 
myotome of all the 24 hpf igu mutants that were sampled (Fig 4.2 B). In order to verify 
this result, we also examined other tissues in igu mutants to be sure that the loss of 




     
 
Fig. 4.1 Staining of early stage embryos with acetylated tubulin. Cilia-like structures (white arrows) 
are evident as early as 1.75 hpf  (A), which is 32 cells stage.  




 Fig. 4.2  Igu is essential for 
primary cilia formation. A: Wild-
type myotome showing abundant 
primary cilia (arrows) on the 
surface of muscle cells. B: 
Myotome of an igu mutant 
embryo showing complete 
absence of primary cilia. C: 
Primary cilia (arrows) in 
differentiating retinal cells of a 
wild-type embryo. D: Lack of 
primary cilia from the retina of an 
igu mutant. E: Primary cilia 
(arrows) in paraxial mesodermal 
cells of a wild-type embryo. F: 
Absence of primary cilia from 
paraxial mesodermal cells of an 
igu mutant embryo. G: Severe 
reduction in numbers of primary 
cilia (arrow) from paraxial 
mesodermal cells of an igu 
morphant embryo. H: An igu 
mutant embryo injected with igu 
mRNA showing rescue of the 
primary cilia (arrows) in muscle 
cells. Axonemes of primary cilia 
were visualized with anti-
acetylated tubulin antibodies 
(red), anti-βcatenin antibodies 
were used to highlight cell 
membranes (green; panels A-D 
and H) and nuclei were visualized 
with DAPI (blue). In panels A-D 
and H, embryos are depicted with 
anterior to the left and dorsal to 
the top; E-G show dorsal views of 
the paraxial mesodermal cells. 
Scale bars = 10µm. 
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primary cilia. The primary cilia are modified to sense light and in the absence of IFT, the 
cilia collapse, leading to blindness in mice (Abd-El-Barr et al., 2007; Insinna and 
Besharse, 2008).  Similar to the loss of primary cilia in the myotome, there is a total loss 
of primary cilia in the retinal cells of igu mutant embryos (Fig 4.2 C, D). This 
phenomenon or phenotype is completely penetrant, meaning that all igu mutants that 
were identified, have complete loss of primary cilia. Thus, the Igu protein seems to be 
critical for the formation of primary cilia. 
 
To ensure that the loss of primary cilia is not restricted by stage-specific effect, we also 
examined 10 hpf embryos derived from mating of igu heterozygotes. As shown earlier, 
cilia are formed very early in embryogenesis (Fig 4.1), and by late gastrula stage (10 hpf) 
there is an abundance of primary cilia decorating the cells. The igu mutants are 
indistinguishable from the heterozygote siblings based on morphology at early embryonic 
stages and they can only be separated at 24 hpf. In order to examine the cilia formation in 
early stage igu mutants, we adopted two approaches. In the first approach using a tedious 
method, all the embryos obtained from mating the heterozygotes igu fish were stained 
and counted to obtain a statistically significant value (Table 1). From the tabulated result, 
about 22% of the sample size (11 out of 50, table 1) had severe reduction in the number 
of primary cilia. Although this percentage fits Mendel’s independent law of assortment, 
there is no methodological proof that the embryos which had reduction in numbers of 
primary cilia were indeed igu mutants. As such, we sought out another method whereby 
the identity of the mutants can first be determined before immunostaining to check for 
cilia loss. Although the igu mutants are phenotypically indistinguishable from the wild-
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Embryonic stage Total number of 
embryos analyzed 
Number of embryos 
exhibiting a specific 
phenotype 
Primary cilia in igu 
mutants. 
10 hpf. 50 embryos. 11 embryos showed 
severe reduction in 
primary cilia. This is 
roughly about ¼ of the 
sampled numbers. 
Primary cilia in igu 
morphants. 
10 hpf. 8 embryos. All embryos showed 
severe reduction in 
primary cilia. 
KV motile cilia in igu 
mutants. 
14 hpf. 6 igu mutants. All igu embryos 
(recognized by their 
lack of primary cilia) 
showed reduction in 
lengths and numbers of 
KV motile cilia. 
Pronephric duct motile 
cilia in igu mutants. 
24 hpf. 6 igu mutants. All igu mutant embryos 
showed reduction in 
the numbers of motile 
cilia. 
Kidney cysts in igu 
mutants. 
72 hpf. 12 igu mutants. None of the igu mutant 
embryos showed 
evidence of kidney 
cysts. 
Direction of heart 
looping in igu mutants. 
48 hpf. 41 igu mutants. 8 (~20%) igu embryos 
showed alteration in 
heart looping. 
Direction of heart 
looping in wild-type 
sibling embryos. 
48 hpf. 97 wild-type sibling 
embryos. 
1 (~ 1%) embryo 
showed altered heart 
looping. 
TEM of wild-type 
embryos. 
24 hpf. 5 wild-type embryos. Several sections from 
each embryo were 
examined. TEM of igu mutant 
embryos. 




type at early stages, they can be identified by aberrant ptc1 expression pattern with in situ 
(Wolff et al., 2004). At early embryonic stages, igu mutants display a reduced level but 
an expansion in the domain of ptc1. We proceeded to do a ptc1 in situ followed by anti-
acetylated tubulin antibody staining with a pool of embryos derived from mating of 
heterozygous igu fish. After separating the embryos into two batches according to the in 
situ staining pattern, we proceeded with the antibody staining. Indeed, all the embryos 
with abnormal ptc1 expression showed a severe lack of primary cilia compared to their 
wild-type siblings with normal ptc1 expression (Fig 4.2 E, F).  
 
In order to verify that the ciliary defect in the igu embryos is a result of the lack of wild-
type Igu function, we adopted two strategies. It was previously shown that the use of a 
splice Dzip1 MO can phenocopy igu mutant (Wolff et al., 2004) displaying the same 
gain- and loss-of-function phenotypes. Injection of the MO into wild-type embryos 
resulted in a strong reduction of the primary cilia at 10 hpf (Fig 4.2 G). Surprisingly, the 
Dzip1 MO was not able to suppress the formation of cilia in the myotome at 24 hpf. We 
hypothesized that this could be a result of MO degradation, leading to reactivation of 
ciliogenesis. In another assay, the full length igu mRNA was injected into eggs derived 
from igu heterozygous fish. The primary cilia which were originally lost in igu mutants 
were restored to a significant degree (Fig 4.2 H). Thus, the MO result that mimics the 
loss of function of Igu resulting in reduced number of primary cilia, and the rescue of igu 
mutants by full length igu mRNA showed that the loss of primary cilia in igu mutants is a 
result of Igu non-functionality. We conclude that igu plays an important role in primary 
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ciliogenesis and the Hh signaling defects which are observed in igu mutants could be a 
result of primary cilia loss. 
 
4.2.2. Igu is not required for docking of basal bodies but essential for axoneme 
outgrowth 
Ciliogenesis involves two major steps. The first step involves the docking of the basal 
body which originates from the mother centriole, to the apical membrane. This is 
followed by the assembly of the axoneme by IFT. 
 
After establishing the importance of Igu for axoneme biogenesis, we next investigated if 
the positioning of the basal body was affected in igu mutants. The correct orientation of 
the basal bodies is important for ciliogenesis (Blachon et al., 2008; Miyoshi et al., 2009). 
We reasoned that it must be important to examine if there were any form of mis-
regularities to the basal bodies in terms of their numbers, migration or orientation. γ-
tubulin antibody was used to visualize the basal bodies. γ-tubulin is a central constituent 
of the microtubule organizing centre (MTOC). Comparing wild-type and igu mutants, we 
did not detect any obvious changes in the distribution and numbers of the basal bodies 
(Fig 4.3 A, B). This implies that Igu protein is not involved in the formation of the basal 
bodies. Since the number of basal bodies is unaffected, we analyzed the 
migration/localization of the basal bodies to check if they are mis-localized. In the neural 
tube, a lumen forms when the neural tube folds. Basal bodies are positioned to project 
cilia into the lumen. Thus, the polarity and position of the cilia and basal bodies can be 
determined. Transverse sections (~10µm) of the neural tube obtained by cryo-sectioning 
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showed the central lumen in the middle. Wild-type embryos stained for cilia showed 
projections of the axonemes in a polarized manner towards the lumen while cilia are 
clearly absent in igu mutants. γ-tubulin antibody staining performed in both wild-type 
and igu mutants revealed that the basal bodies had migrated to the apical surface of the 
membrane towards the lumen (Fig 4.3 C, D). To verify that the basal bodies had docked 
correctly with the plasma membrane, i.e in the right orientation, we examined 
Transmission Electron Microscope (TEM) sections. TEM technique has been widely 
used in recent times to probe the ultra structure of cilia (Han et al., 2008; Wloga et al., 
2009). In our TEM sections, the axonemes of primary cilia and the basal bodies in wild-
type could be easily detected due to its abundance (Fig 4.3 E). They arise from the basal 
bodies that lie perpendicular to the apical membrane. Similar sections from the igu 
mutant embryos showed complete absence of axonemes but the basal bodies appeared to 
dock properly to the apical membrane. The orientation of the basal bodies appears similar 
between the wild-type and igu mutants (Fig 4.3 F, G). Several sections of igu mutants 
were viewed and all showed the same docking position of the basal bodies (Table 1). 
However, the ciliary pits, which are normally present where the plasma membrane starts 
to fuse with the basal bodies, were absent in the igu mutant embryos. Thus, we conclude 
that Igu plays an important role for axoneme outgrowth, possibly required for the 
formation of the ciliary pits and it plays no role in the fate of the basal bodies.  
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Fig. 4.3  Igu is required for axonemal formation, but not for the docking of basal bodies to apical 
membranes. A: Distribution of basal bodies (arrows) in paraxial mesodermal cells of a wild-type 
embryo. B: Paraxial mesodermal cells of an igu mutant embryo with wild-type pattern of basal body 
distribution (arrows). C: Polarized orientation of basal bodies (arrows) towards the apical membranes 
of cells abutting the midline of the neural tube of a wild-type embryo. D: Apical polarization of basal 
bodies (arrows) in the neural tube is unaffected in an igu mutant embryo. E: A representative TEM 
section through the neural tube of a wild-type embryo showing the basal body (long arrow) and ciliary 
axoneme (short arrow). The apical membrane of the ciliary pit is indicated (arrowhead). The sister 
centriole (S) is also visible. F, G: Similar sections through the neural tube of igu mutant embryos 
showing basal bodies (long arrows) apparently docked to apical membranes, but a complete lack of 
axonemal outgrowth (short arrows). No invagination of the apical membranes (arrowheads) to form 
ciliary pits is visible. In F, the sister centriole (S) is visible. In A-D, basal bodies were visualized with 
anti-γ-tubulin antibodies (red), cell membranes with anti-βcatenin antibodies (green) and nuclei with 
DAPI (blue). Panels A and B show dorsal views of the paraxial mesodermal cells; C-G represent 





4.2.3. The role of Igu in motile cilia formation 
The strong impairment in primary cilia formation brought about by loss of Igu function, 
led us to evaluate whether the protein is also essential for motile cilia biogenesis. 
Vertebrate motile cilia decorate specific tissues in zebrafish such as the Kupffer’s Vesicle 
(KV) and the pronephric duct (Essner et al., 2005; Sun and Hopkins, 2001). KV is 
analogous to the mammalian node, while the pronephric ducts are similar to kidney 
tubules (Kramer-Zucker et al., 2005). Rhythmic beating of the cilia in KV and pronephric 
ducts determines left-right asymmetry of organs and removal of excretory waste from the 
kidneys, respectively. Abnormalities to the motile cilia in KV result in irregularities in 
left-right asymmetry (Essner et al., 2005), whereas defect in the motile cilia in pronephric 
ducts causes formation of kidney cysts (Sun et al., 2004).  
 
Unlike the dramatic loss of primary cilia, I found that igu mutants have motile cilia. 
However they appeared in less abundance compared to wild-type. Similarly in KV, the 
cilia appeared to be sparsely distributed compared to the wild-type embryos (Fig 4.4 A, 
B). Since the motile cilia in KV are important for left-right asymmetry of organs, we 
checked if the reduction of the motile cilia in igu mutants also affects left-right 
asymmetry. The looping of the heart is a standard assay used for determining left-right 
asymmetry of this organ. The bending of the midline heart tube is termed cardiac looping 
and is conserved in most vertebrates. In zebrafish, this looping of the heart tube is left-
dominant and mutations affecting left-right asymmetry will affect this orientation (Chen 
et al., 1997). Based on this assay, we observed that only 20% of the igu mutants (8 out of 
41, Table 1) displayed abnormal heart looping. This is perplexing because left-right 
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asymmetry defect was expected given the reduction in numbers of motile cilia. This data 
suggests that the residual motile cilia in KV are/may be functional.  
 
Subsequently, we examined the motile cilia in the pronephric ducts and our observation 
was similar to that in KV. The length of the cilia appeared normal, although the numbers 
were reduced (Fig 4.4 C, D). The reduction is more pronounced towards the distal 
segment of the ducts where lesser number of motile cilia can be seen compared to wild-
type (Fig 4.4 E, F). When the igu mutants were grown to 3 days post fertilization (dpf), 
no evidence of kidney cysts formation was observed (0 out of 12, table 1). Taken together 
with our observations on KV cilia and left-right asymmetry, we conclude that motile cilia 
in igu mutants are less affected and appear to be functional. The incomplete penetrant 
effect on motile cilia formation in igu mutants suggests that Igu may function with 
another protein for motile cilia differentiation whereas Igu function is critical in cells that 
produce primary cilia.  
 
Foxj1, a winged helix type transcription factor that belongs to the forkhead domain 
family has been associated with motile cilia formation and the protein is normally 
expressed in ciliated cells of the respiratory and reproductive epithelium (Blatt et al., 
1999). Foxj1 null mice showed absence of the classic 9 + 2 motile cilia in epithelial cells, 
and they also exhibited situs inversus (inversion of organs) (Brody et al., 2000; Chen et 
al., 1998). Recent studies have shown that foxj1 gene functions as the master regulator of 
the motile ciliogenic pathway (Stubbs et al., 2008; Yu et al., 2008). In zebrafish, the  




Fig. 4.4  Motile ciliogenesis is less strongly perturbed in igu mutants. A: Motile cilia (arrows) in KV of 
a wild-type embryo. B: Reduction in the numbers of motile cilia (arrows) in KV of an igu mutant 
embryo. C: Motile cilia (arrows) in the proximal segment of the pronephric duct of a wild-type embryo. 
D: Numbers of motile cilia (arrows) are reduced in the proximal pronephric duct of an igu mutant 
embryo. E: Motile cilia (arrows) in the distal segment of the pronephric duct of a wild-type embryo. F: 
Substantial reduction in the numbers of motile cilia (arrows) in the distal pronephric duct of an igu 
mutant embryo. G: A wild-type embryo with Foxj1a mis-expression (green) in muscle cells of the 
myotome, showing ectopic long cilia (arrows). H: No ectopic cilia formation in an igu mutant embryo 
with Foxj1a mis-expression (green) in myotomal muscle cells. In all panels, ciliary axonemes were 
labeled with anti-acetylated tubulin antibodies (red) and nuclei with DAPI (blue). In A and B, 
circumference of KV is outlined with the dashed circle. Ectopic Foxj1a expression (green) in panels G 
and H was detected with antibodies against the HA tag at the C-terminus of the Foxj1a protein. Panels A 
and B represent ventral views of KV; embryos in panels C-H are depicted anterior to the left, dorsal to 




motile cilia. Knocking down foxj1a or foxj1b in zebrafish results in left-right asymmetry 
defects (Tian et al., 2009; Yu et al., 2008), while overexpression of foxj1a can induce 
ectopic motile cilia-like cilia formation in cells where normally only primary cilia forms 
(Yu et al., 2008). In the study, Yu et al. made use of a heat-inducible promoter to drive 
the expression of Foxj1a. The ectopic expression of foxj1a resulted in conversion of the 
primary cilia in wild-type myotome into motile cilia-like structures. We were interested 
to test if foxj1a can still induce motile cilia-like structures in igu mutants that do not have 
primary cilia.  
 
Using the same approach as previously described (Yu et al., 2008), we overexpressed the 
same construct into embryos derived from heterozygous igu fish. As previously 
documented, the wild-type siblings showed ectopic formation of the motile cilia-like 
structures but igu mutants which do not have primary cilia were unable to replicate such 
ectopic effect (Fig 4.4 G, H). Although we had shown in an earlier experiment that Igu 
does not have a critical role in formation of motile cilia (chapter 4.2.3), this experiment 
revealed that the protein may be essential somewhere along the pathway to make motile 
cilia. This reinforced the hypothesis that Igu is essential for primary cilia formation 
whereas in cells where motile cilia are formed, Igu could act with another protein. 
Therefore, we hypothesized that both primary and motile cilia may have the same 






4.2.4. Detection of endogenous Igu protein 
Most proteins that have been linked to ciliary defects are often found to localize to either 
the axoneme or the basal bodies (Duldulao et al., 2009; Sarmah et al., 2007; Tsang et al., 
2008) because most of these proteins are either components of the axoneme or the 
centrioles. It is proposed that cell cycle is coupled with ciliogenesis since the latter 
initiates when a cell exits division and enters quiescence state (Cardenas-Rodriguez and 
Badano, 2009). Centrosome serves as a regulator of cell cycle progression and has also 
been known to be important in the outgrowth of axoneme. Basal body matures from the 
mother centriole and docks to the apical plasma membrane to initiate formation of cilia. 
In the earlier work (Wolff et al., 2004), the unavailability of an antibody to detect 
endogenous Igu localization was replaced by studying the localization of a GFP-tagged 
version of the Igu protein. Igu protein was found to be expressed uniformly in the 
cytoplasm of zebrafish embryos. Generally, most Hh components including the 
Hedgehog Signaling Complex (HSC) are found in the cytoplasm. Therefore, the 
observation that GFP-Igu localized in the cytoplasm was consistent with the current 
model of Hh signaling. It is only in recent years when Hh signaling has been associated 
with cilia that the presence of Hh components has been found within the organelle. Since 
Igu is associated with primary cilia formation, we decided to re-look into the subcellular 
localization of Igu and hypothesised that the true pattern of protein localization may be 
very close to, or at the ciliary apparatus. As such, an antibody against zebrafish Igu would 





4.2.5. Production of Igu Antibody 
At present, there is no commercial antibody specific against zebrafish Igu available to 
study the localization of the protein. The most common approach to study localization of 
protein is to use overexpression studies. Injection of synthetic mRNA will normally result 
in ectopic expression of the protein, often giving a false pattern of distribution. As in the 
case of Igu which was shown to be cytoplasmic, this may be a result of overexpression 
masking the actual localization of the protein. In order to overcome this problem, a 
polyclonal antibody against Igu was generated in rats to detect endogenous Igu in 
zebrafish. This antibody could also be used to detect protein expression in western blot.  
 
To generate an antibody against Igu, a specific domain/region of the protein has to be 
chosen for this purpose. Igu protein contains a conserved C2H2 zinc finger domain and 
several coiled-coil regions. These coiled-coil domains are commonly found in many 
Coiled Coil Domain Containing (CCDC) proteins, making it difficult to find a unique site 
in Igu protein. Fortunately, blast analysis revealed that a small region between 229 and 
360 amino acids (aa) of Igu is unique. cDNA encoding for this region was subsequently 
cloned downstream of a Glutathione S-Transferase (GST) expressing vector using Not1 
restriction enzyme (RE) sites. GST is widely used for affinity purification of recombinant 
protein. A group of rats (N=3) were immunized with equal volume of complete Freund’s 
adjuvant (CFA) (for the first injection) or incomplete Freund’s adjuvant (IFA) for 
subsequent injections. After the 9th boost, sera were obtained from the immunized rats 
through cardiac puncture and subsequently used for detection of Igu. The full length Igu 
and two shorter variants of the Igu protein, N-terminal Igu fragment (1-234aa) and C-
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terminal Igu fragment (235-654aa), tagged with GFP were expressed in 293T cells to test 
for the specificity of the antibody. The polyclonal anti-Igu sera were first tested with 
lysates from the transfected 293T cells (Fig 4.5 D). Only one serum out of the three rats 
was able to detect the full length Igu and the C-terminal fragment. The same polyclonal 
antibody was not able to detect the N-terminal fragment. These results showed that the 
antibody is specific for detection of the Igu protein within the region 229-360. 
 
Next, we tested the efficiency of this serum on whole mount immuno staining. GFP-Igu 
was overexpressed in zebrafish embryos through injection of mRNA. Co-localization was 
observed in cells co-stained with anti-GFP against GFP-Igu and stained with polyclonal 
anti-Igu antibody (Fig 4.5 A, B, C). This shows that the antibody was able to detect the 
ectopic Igu protein in zebrafish embryos. In order to detect Igu at endogenous level, 
protein lysates were extracted from wild-type zebrafish embryos and detected using 
western blot. Unfortunately, the polyclonal anti-Igu antibody was unable to detect 
endogenous Igu protein from these embryos (Fig 4.5 E).  It also failed to detect Igu in 
whole-mount antibody in the zebrafish embryos (data not shown). We carried out affinity 
purification of the polyclonal antibody in order to increase its sensitivity. However, this 
purified antibody was also unable to detect endogenous Igu in both western and immuno 
antibody staining. We can only speculate that the sensitivity of the Igu antibody may not 
be good enough to pick up the endogenous signals. To conclude, the antibody generated 
against Igu is not sensitive to detect endogenous protein or the level of endogenous 













Fig. 4.5  Use of Igu antibody in zebrafish embryos and cell line. A: Expression of GFP-igu and 
detection with anti-gfp in 10som zebrafish embryo. B: Same sample with anti-igu showing antibody 
detecting overexpressed Igu proteins. C: Merged of A and B. D: Western blot with 293T cell lysates. 
Igu antibody is able to detect full length and the C-terminal of Igu proteins (*). No band was detected 
with N-terminal of Igu, showing specificity of the antibody. E: Left panel shows Igu antibody was 
able to detect overexpressed igu in zebrafish embryos (*), but unable to detect endogenous protein in 
Wt embryos. Right panel acts as control using anti-gfp to detect the tagged protein (*) in injected 
embryos. Total embryos loaded per lane are 7. 
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 4.2.6. Igu proteins localize to the bases of primary and motile cilia 
Since the rat polyclonal anti-Igu serum was unable to detect endogenous Igu, we sought 
to create a stable transgenic zebrafish line to visualize the expression of Igu. The N-
terminal GFP tagged Igu was found to be expressed predominantly in the cytoplasm 
(Wolff et al., 2004). Injection of the same construct into igu mutants was able to rescue 
primary cilia which are normally lost in the mutants (Fig 4.2 H). Due to the ability to 
rescue the lost primary cilia, we generated a heat inducible transgene (heat shock (HS) 
promoter) to express the N-terminal GFP tagged Igu (hs::GFP-Igu) in zebrafish embryos. 
Induction of this transgene is also able to rescue the loss of primary cilia in the igu 
mutants (data not shown). This show that hs::GFP-Igu generated is able to restore 
ciliogenesis in the absence of wild-type Igu protein. 
 
However, it is commonly observed that injection of DNA results in mosaic distribution. 
There is a great variability in the level of expression in different cell types within the 
embryos which will hinder the ability to determine the true localization of a protein. We 
encountered similar problem in embryos injected with cDNA encoding hs::GFP-Igu. 
Transient over-expression of this transgene showed mosaic distribution but no definite 
conclusion regarding the localization of the Igu protein. To overcome these challenges, 
we generated a stable transgenic zebrafish line, Tg(hs::gfp-igu) that allows uniform levels 
of the Igu protein to be expressed in all cell-types in response to heat induction. At the 
same time, the amount of Igu protein expressed can be controlled by manipulating the 
duration of heat induction. This can lower the chances of overexpressed Igu proteins 
masking its actual localization. 
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To generate the transgenic line, approximately 100 ng of hs::GFP-Igu was injected into 
wild-type zebrafish embryos at one cell stage. Injected embryos (F0) which expressed 
high levels of GFP after 1 hour post heat shock were selected and allowed to grow to 
sexual maturity before they were crossed with wild-type zebrafish to create F1 lines. The 
F1 generations of the crosses were then screened for the expression of the GFP (igu 
transgene) upon heat induction. Founder fishes (Tg(hs::gfp-igu)) were identified when 
the F1 showed expression of GFP. Subsequently, embryos derived from Tg(hs::gfp-igu) 
were visualized using high resolution confocal microscopy to monitor subcellular 
localization of GFP-Igu. All the transgenic embryos expressing GFP-Igu showed that the 
proteins are localized in a punctate vesicle-like pattern to the bases of both primary as 
well as motile cilia, but away from the axoneme (Fig 4.6 A, B).  Using γ-tubulin antibody 
to stain the transgenic embryos, GFP-Igu was always found localizing very close to or 
onto the basal bodies (Fig 4.6 C, D). With these observations, we conclude that Igu has a 
specific sub- cellular localization to the basal end of the cilia. This provides further 




                       
Fig. 4.6  The Igu protein localizes to the bases of primary and motile cilia. A: Localization of GFP-Igu 
(green, arrows) to the bases of primary cilia (red) on paraxial mesodermal cells of a Tg(hs::gfp-igu) 
embryo. B: Localization of GFP-Igu (green, arrows) to the bases of KV motile cilia (red) of a Tg(hs::gfp-
igu) embryo. C: Localization of GFP-Igu (green, arrows) to basal bodies (red) of primary cilia on paraxial 
mesodermal cells of a Tg(hs::gfp-igu) embryo. D: Localization of GFP-Igu (green, arrows) to basal bodies 
(red) of KV motile cilia of a Tg(hs::gfp-igu) embryo. Embryos depicted in panels A and B were stained 
with anti-GFP (green) and anti-acetylated tubulin (red) antibodies, and those in panels C and D with anti-
GFP (green) and anti-γ-tubulin antibodies (red). Nuclei were labeled with DAPI (blue). In B, 
circumference of KV is outlined with the dashed circle. Panels A and C depict dorsal views of paraxial 




4.2.7. Smo proteins localize to the primary cilia in the zebrafish embryo in response 
to Hh signaling 
Although the aberrant Hh signaling in igu mutants is a result of loss of primary cilia, we 
wished to demonstrate how cilia function in Hh transduction. In mammals, several key 
Hh components have been shown to localize to the primary cilia in response to Hh 
activation (Corbit et al., 2005; Rohatgi et al., 2007). In particular, Corbit el al have shown 
that the mammalian Smo protein, which is a key protein in Hh signal transduction, moves 
from the cytoplasmic pool to the primary cilium in response to Hh and this is considered 
to be a key event in the Hh transduction cascade (Corbit et al., 2005). However, this assay 
was carried out in mammalian cells using mammalian Smo. Thus, we were interested to 
assess if translocation of zebrafish Smo to the primary cilium also occurs in zebrafish 
cells and whether the localization is important for Hh signal transduction. 
 
Zebrafish smo mutant encode truncated Smo protein incapable of transducing Hh signal 
that is important for differentiation of slow muscle. As a result, smo mutants lack all 
identities of Hh-dependent muscle cell-types (Wolff et al., 2003). A full length zebrafish 
C-terminal HA tagged Smo (Smo-HA) was constructed to determine Smo localization. 
Injection of synthetic mRNA encoding this protein into eggs derived from smo 
heterozygotes resulted in a significant restoration of the SSFs in homozygous smo mutant 
embryos. Restoration of slow muscle with the synthetic mRNA suggests that the Smo-
HA protein can re-activate the Hh pathway which is deficient in smo mutants and the 
construct is fully functional at physiological levels (Fig 4.7 A, B, C). Consistent with the 
data observed by Corbit et al. in mammalian cells (Corbit et al., 2005), co-expression of 
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mRNAs encoding Smo-HA and the Shh into zebrafish embryos led to the localization of 
Smo distinctly on the axonemes of primary cilia. In the uninduced state when no Hh was 
co-injected, Smo appeared to be cytoplasmic (Fig 4.7 D, E). The Hh-dependent 
accumulation of mammalian Smo to the cilia was shown to depend on the Ciliary 
Localization Motif (CLM) (Corbit et al., 2005). This domain is made up of a hydrophobic 
and a basic amino acid residue - tryptophan and arginine - immediately following the 
seventh transmembrane segment of mammalian Smo. Mutation of CLM by substituting 
the two amino acids with alanine impaired the movement of Smo to cilia in the presence 
of high levels of Hh (Corbit et al., 2005). Mammalian Smo can function in zebrafish 
because injection of synthetic mRNA encoding mammalian Smo into zebrafish smo 
mutants was able to reactivate the Hh pathway, as revealed by the restoration of the SSFs. 
However, parallel injection of synthetic mRNA encoding ciliary localization defective 
(CLD) version of mammalian Smo (CLD Smo) was unable to rescue the slow muscle 
fibers in smo mutants. We wanted to check if the CLM is also conserved in zebrafish 
Smo sequence since the protein can translocate to the cilium in response to Hh activation 
(Fig 4.7 E) Alignment of the mammalian and zebrafish Smo sequences showed the 
presence of the CLM. We sought to confirm if this motif confers the ciliary localization 
of zebrafish Smo. The two residues in the zebrafish Smo CLM, tryptophan and lysine, 
were substituted with alanine and this mutated protein was termed CLD Smo-HA. In 
contrast to wild-type zebrafish Smo-HA (Fig 4.7 E), zebrafish CLD Smo-HA did not 
show any discernible localization to the primary cilia when co-injected with Shh mRNA 
(Fig 4.7 F). Moreover, when CLD Smo-HA mRNA was injected at the same 




Fig. 4.7  Smo localizes to primary cilia in the zebrafish embryo in response to Hh signaling. (A) Slow 
muscle fibers (arrows) in the myotome of a wild-type embryo. (B) In the absence of Hh signaling in a 
smo mutant embryo, slow muscle cells are not specified. (C) Slow muscle fibers (arrows) are rescued to 
the wild-type pattern in a smo mutant embryo injected with smo-HA mRNA. (D) A smo-HA mRNA 
injected wild-type embryo showing no significant localization of the Smo-HA protein (green) to the 
axonemes of primary cilia (arrows) of paraxial mesodermal cells. (E) A smo-HA and shh mRNA co-
injected wild-type embryo showing robust translocation of Smo-HA (green) to the axonemes of primary 
cilia (arrows) of paraxial mesodermal cells. (F) A CLD smo-HA and shh mRNA co-injected wild-type 
embryo showing no translocation of CLD Smo-HA (green) to primary cilia (arrows) of paraxial 
mesodermal cells. (G) Inefficient rescue of slow muscle fibers (arrows) in a smo mutant embryo 
injected with CLD smo-HA mRNA. In panels a-c and g, slow muscle cells were visualized with mAb 
F59. In d-f, anti-HA was used to detect Smo (green), cilia were visualized with anti-acetylated tubulin 
antibodies (red) and nuclei with DAPI (blue). In panels a-c and g embryos are depicted with anterior to 
the left, dorsal to the top; d-f show dorsal views of the paraxial mesodermal cells. Scale bar in d (applies 
to e and f) = 10µm. 
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effective rescue of the smo mutant phenotype suggesting that ciliary translocation of Smo 
is necessary for Hh signaling activity (Fig 4.7 G).   
 
Thus, we showed that Smo, the core component of Hh signaling, localized to the primary 
cilia in response to Hh signaling in zebrafish. This localization is required for efficient 
activation of Hh signaling. This reinforces the notion that Hh signaling in zebrafish is 
dependent on primary cilia. 
 
4.3. Discussion and Conclusion 
A divergence for the need of cilia in Hh signaling is seen in Drosophila where cilia are 
not necessary for Hh activity. Initial experiments in zebrafish also suggested that cilia is 
also not required for Hh transduction. MO knock down of ift genes, important 
components in ciliogenesis, had little effect on Hh signaling although the number of cilia 
was reduced (Lunt et al., 2009). Zebrafish ift mutants also do not exhibit Hh-like 
phenotypes. Maternal deposit of ift genes could be responsible for the lack of effect on 
Hh signaling in both the Ift knock-down morphants and mutants. Huang and Schier 
generated zebrafish mutants that lack maternal-zygotic ift88 which compromises cilia 
formation (Huang and Schier, 2009). In addition to cilia lost, these maternal-zygotic ift88 
embryos also displayed abnormal Hh signaling activity. To verify this result, our group 
showed that a key Hh component, Smo translocates to the primary cilia in response to Hh 
signaling just like in mammals. This is consistent with the parallel observations of 
Aanstad et al. Finally, the difference in the localization patterns and functionality of the 
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wild-type and CLD Smo provide further convincing evidence that the requirement of 
primary cilia for Hh signaling is conserved across vertebrates. 
 
igu, gli1 and gli2 mutants were first identified in a mutagenic screen for midline mutants 
(Haffter et al., 1996). Apart from the floor plate defect, these mutants also showed Hh-
like phentotypes such as curly tail and inward turning of the eyes. Igu was implicated in 
vertebrate Hh signaling, possibly through the control of the Gli transcription factors. Its 
enigmatic phenotype, exhibiting both gain- and loss-of-function, prompted us to study its 
function in details. 
 
The involvement of primary cilia in transduction of the Hh signal in zebrafish and the 
similar Hh patterning between chick talpid and zebrafish igu, led us to investigate the 
possible involvement of ciliogenesis in the latter. Indeed, when stained with acetylated 
tubulin that labels all cilia, igu mutants displayed an absence of primary cilia unlike the 
abundance of cilia found in the wild-type background. This implies that the ciliogenic 
pathway is impaired in the absence of the Igu protein. The loss of primary cilia in igu 
mutants is not a stage or tissue dependent defect. Because igu mutants can only be 
phenotypically differentiated at 24 hpf, we encountered a problem trying to identify igu 
mutants at early stages in order to look at cilia formation. It was shown previously that 
igu mutants can be identified by aberrant ptc1 expression pattern (Wolff et al., 2004). 
Using this strategy, we were able to identify igu mutants at early developmental stage and 




Next, we performed immuno staining for the basal bodies of the cilia, and found that their 
numbers are not affected. Further analysis of igu mutants using TEM assay revealed that 
the basal bodies could migrate and dock properly, comparable to the wild-type.  
 
The loss of all primary cilia in igu mutants led us to examine if the other type of cilia, the 
motile cilia are also affected. We observed presence of motile cilia in KV and the 
pronephric ducts, but they appeared to be sparsely distributed. The reduced number of 
motile cilia also led us to investigate if left-right asymmetry defect and kidney cyst 
formation occurred. To our surprise, situs inversus and kidney cysts were not detected, 
implying that the remnants of the motile cilia found are/may be functional. For functional 
check, it will be useful to use a high speed camera to check if the motile cilia in igu 
mutant beat. This can be done by injecting and monitoring the movement of fluorescence 
beads inside the KV or pronephric duct (Oteiza et al., 2010). 
  
Concurrent with our publication, two separate groups have also reported on the role of 
Igu on ciliogenesis (Glazer et al., 2010; Rink et al., 2009). RNAi knockout of igu 
homolog of planarians resulted in slower locomotion of the worms, which is brought 
about by ciliary beating. Analysis of the iguana(RNAi)-treated worms showed lack of 
cilia. Glazer and colleagues further showed that the combined knock down of the human 
Igu homologs, DZIP1 and DZIP1-like resulted in abnormal cilia formation in cultured 
cells. However, the study of Glazer et al. and a parallel work by Rink et al. showed that 
absence of cilia in iguana(RNAi) worms does not compromise Hh signaling. Thus, the 
role of Igu in ciliogenesis appears to be evolutionarily conserved across species and the 
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CONCLUSION AND FUTURE WORK 
             
 
5.1  Conclusion 
 
Hedgehog (Hh) signaling has been proven to be pivotal for animal development, cell fate 
specification and organogenesis. Mutations in some Hh components have already been 
implicated in a number of human cancer and tumor formations (Guleng et al., 2006; Ruiz 
i Altaba et al., 2002; Shao et al., 2006).  
 
Since the discovery of hh gene in Drosophila (Nusslein-Volhard and Wieschaus, 1980), 
and the subsequent identification of homologs in vertebrates (Echelard et al., 
1993; Krauss et al., 1993; Riddle et al., 1993), the Hh signaling has come a long way and 
begins to lineage between invertebrate and vertebrate. Although the general signaling 
cascade remains conserved across species, the function and/or structure of individual 
components seems to differ when various homologs are compared (Varjosalo et al., 2006).  
 
A component of the vertebrate Hh pathway that had been elusive was the Costal2 (Cos2). 
Genetic studies in Drosophila showed that this protein plays an important role in 
regulating the transcription factor in the Hh pathway (Sisson et al., 1997). Mutation to 
Drosophila cos2 causes ectopic Hh activity, thus it acts as an intracellular repressor.  
 
Early genetic analysis presented hypothesis of either the non-existence of the vertebrate 
Cos2 or an evolutionary change in function of the protein in respect to the Hh pathway. 
Coupled with the high number of kinesin proteins in the vertebrate genome that bears 
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resemblance to the kinesin-like protein dCos2, these made the identification of the 
vertebrate Cos2 a daunting task. Our group sought out to clone the first vertebrate Cos2 
using zebrafish as the model (Tay et al., 2005). The aim was to uncover the existence of 
this protein, and to elucidate its function in respect to the Hh pathway. A cDNA encoding 
an ORF predicted to encode the zebrafish Cos2 was cloned based on homology with 
various genomes. Using molecular analysis including loss-of-function study, we showed 
that vertebrate Cos2 has a conserved inhibitory role in Hh signaling in zebrafish and it 
acts downstream of the Shh ligand and Smo protein. We also showed that the vertebrate 
Cos2 binds to the transcription factor Gli1, similar to its drosophila homolog. More 
interestingly, Cos2, a kinesin-like protein binds to microtubules which are the building 
blocks for cilia formation. 
 
Since our publication, the mammalian Cos2, which is annotated as Kif7 (Kinesin Family 
member 7), has been shown to be a critical regulator of the Hh pathway in mice (Farzan 
et al., 2008). With reference to our data, Kif7 interact physically with the Gli 
transcription factors and modulate its activity, thereby regulating the activation of the Hh 
pathway (Liem et al., 2009). Therefore, our publication had solved the divided views on 
the existence of a Cos2 protein and we also provided convincing data to demonstrate that 
the vertebrate Cos2 has a role in Hh pathway. Supported by a couple of mammalian Cos2 
studies, our conclusion on the conserved role of vertebrate Cos2 in the Hh pathway 




New studies revealed a major difference between dCos2 and vertebrate Cos2. Kif7 has 
been shown to localize to the cilium in a Hh dependent manner (Liem et al., 2009). In the 
absence of Hh signals, Ptc1 localize to the cilium while Kif7 localize to the basal end of 
cilium, presumably thought to bind to the transcription factor and prevent its activation. 
When Hh is activated, Ptc1 leaves the cilium and gets replaced by Kif7. The Kif7 
translocation to the cilium is in con-junction with Smo where the latter’s cilia-directed 
movement has been shown to be important for Hh activation. Thus, the requirement of 
cilia in vertebrate Hh pathway differentiates itself from the fly pathway where the role of 
cilia is not essential (see below and Fig 5.1).   
 
The cilium is made up of two components, the axoneme and the basal body (Sorokin, 
1968). Depending on the type of cilia, motile cilia have dynein arms that confers them 
mobility and immotile primary cilia lack dynein to beat. A number of cilia-related human 
diseases, collectively known as ciliopathesis have been identified (Cardenas-Rodriguez 
and Badano, 2009; Fliegauf et al., 2007). Not surprisingly, some of these ciliopathies bear 
resemblance to Hh-related diseases. Coupled with a number of other signaling pathways 
that utilized cilia as a signaling platform (Gerdes and Katsanis, 2008; Huangfu et al., 
2003; Jacoby et al., 2009), the percussion of mis-regulated ciliogenesis can have multiple 
adverse effects. Therefore, studying ciliogenesis will be helpful in understanding the 
various human genetic diseases. 
 
A significant breakthrough in vertebrate Hh signaling came in a mouse screen done to 
identify novel Hh proteins (Huangfu et al., 2003). Relying on Hh-like phenotypes exhibit 
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by the mutants, their group discovered that some of the mutants encodes for ifts which are 
ciliogenic genes that has been shown to be evolutionary conserved genes required for the 
formation and maintenance of cilia. Further investigation led to the observation that these 
mouse ift mutants lack cilia and exhibit abnormal level of Hh signaling. Subsequently, 
Hh components including Kif7 (described above) are found to localize at the primary 
cilia (Fig 5.1) and reports on mis-regulated ciliogenesis leading to abnormal Hh signaling 
surfaced (Corbit et al., 2005; Rohatgi et al., 2007).  
 
In 2004, Wolff et. al. described a novel gene, iguana (igu) in the vertebrate Hh pathway. 
The loss of Igu resulted in both gain- and loss-of function phenotypes. Given the 
similarity in terms of both gain- and loss-of function phenotypes between zebrafish igu 
mutant and the mouse cilia mutants, we investigated if ciliogenesis is affected in igu 
mutants. Molecular analysis revealed a complete loss of primary cilia in the igu mutants 
and a less penetrant effect on motile cilia (Tay et al., 2010). The basal bodies appeared to 
dock properly to the apical membrane, indicating that only the formation of the axoneme 
is affected. Left/right asymmetry of organs in the igu mutants appear normal suggesting 
that the remnants of motile cilia may still be functional. Taken together, we conclude that 
Igu protein plays a central role in the outgrowth of axoneme of the primary cilia whereas 
Igu acts with another protein in cells that form motile cilia. Therefore, Igu/Dzip1 that was 
previously implicated in modulating the levels of Hh signaling, is in fact an important 






Fig. 5.1 Updated vertebrate Hh pathway. Compared to Fig 1.1, the localization of key Hh components has 
changed from the cytoplasm to the cilium. In the absence of Hedgehog ligand in the receiving cell (Off-
state), the receptor for Hedgehog-family ligands, Patched, is normally bound to and prevents membrane 
association of Smoothened, a G-coupled transmembrane protein. In the Off-state, SuFu and COS2 (Kif7 in 
vertebrates) sequester the microtubule-bound pool of the transcription factor Gli in the primary cilium. Gli 
can be phosphorylated by PKA, CKI, and GSK-3 resulting in β-TrCP-mediated degradation of Gli 
activators (Gli1 and Gli2 in mammals) or in the conserved pathway generation of repressor-Gli (Gli3 or 
truncated-Ci in Drosophila), which leads to repression of Hedgehog target genes. In the On-state, 
Hedgehog binding to Patched enables β-arrestin mediated translocation of Smoothened to the primary 
cilium where its associated G protein activity inhibits suppressive kinase action on Gli, leaving Gli free to 
translocate to the nucleus and activate Hedgehog target genes, including Cyclin D, Cyclin E, Myc, and 
Patched. (Pathway diagram reproduced courtesy of Cell Signaling Technology, Inc. www.cellsignal.com) 
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5.2 Future work 
 
The mechanism of ciliogenesis remains an unsolved mystery. Our group demonstrated 
that Igu is a novel component of ciliogenesis and it plays a key role in the formation of 
primary cilia axoneme. We are the first to exhibit a zebrafish mutant that lacks all 
primary cilia due to the loss of Igu protein. However, the incomplete penetrance effect on 
motile cilia suggests that Igu may act together with another protein in this pathway.  
 
In a database search, a paralogous dzip1-like (dzip1-l) gene in the zebrafish genome is 
identified and may be responsible for the remnants of the motile cilia in the igu mutant 
(Fig 4.4D). A similar analysis of all vertebrates also revealed dzip1/dzip1-L genes in their 
genomes. The zebrafish Dzip1 has a zinc finger coupled with four CCDs while its 
paralog Dzip1-L has one less coiled-coil structure. Based on domain analysis, it is not 
possible to predict the function of this protein. 
 
We first study the expression pattern of dzip1-l. Similar to dzip1, dzip1-l is also 
maternally deposited and ubiquitously expressed. By 18 hpf, tissue-specific expression of 
dzip1-l can be observed in developing olfactory placode and the mid-region of the 
pronephric duct. These structures are known to bear multi-ciliated cells (Kramer-Zucker 
et al., 2005; Wloga et al., 2009). jagged2a and rfx2 have been shown to be expressed 
only in multi-ciliated cells of the pronephric duct (Ma and Jiang, 2007). A double-FISH 




To study the loss-of-function effect of Dzip1-like on ciliogenesis, a MO was designed to 
target the splicing junction of dzip1-l. Knocking down dzip1-like with MO in wild-type 
zebrafish embryos do not produce any prominent phenotype but parallel injection into igu 
mutants brought about a severe loss of motile cilia in the pronephric ducts. A thorough 
analysis of this result has to be done especially in the wt embryos injected with MO so as 
not to miss out on any subtle effect. Since dzip-l expresses in the multi-ciliated cells, the 
effect of Dzip1-L MO on multi-ciliated cells has to be examined. To do so, we have 
identified a zebrafish notch mutant, mind-bomb where the loss of Notch signaling results 
in the loss of “mosaic” pattern between the multi-cilia and the principle cells in the 
pronephric duct (Ma and Jiang, 2007). mind-bomb mutant expresses only multi-ciliated 
cells in its pronephric duct and will give a clearer picture on the effect (if any) of Dzip1-L 
MO on this cell type. 
 
Since Dzip1 and Dzip1-l have redundant roles in motile cilia formation, we analyzed 
whether the Dzip1-l protein can substitute for Dzip1 and rescue primary cilia formation 
in igu mutants (fig 4.2 B, D). Injection of mRNA encoding zebrafish dzip1-like was able 
to initiate formation of primary cilia in the igu mutants which have no primary cilia. This 
implies that the function of Dzip1 and Dzip1-L may be interchangeable. 
 
To determine the localization of Dzip1-L, a transgenic zebrafish that express Dzip1-l-
GFP fusion protein under the control of the zebrafish heat shock promoter is made. 
Preliminary results from a few founder transgenic fish showed GFP localization to the 
base of the axoneme, a similar pattern as Dzip1. The result is similar with the localization 
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of human DZIP1-L in an in-vivo assay (Glazer et al., 2010). A few more founders and 
generations have to be studied in details to determine this result. 
 
To investigate the mechanism by which the Dzip1 proteins function in the ciliogenic 
pathway, a yeast-2-hybrid screen is performed using the human DZIP1-L protein as a bait 
to screen for interacting proteins. cDNA libraries of human testis, lung and brain origin 
where tissues that are known to bear abundant motile and primary cilia were used in this 
screen. From all three libraries, the coiled-coil containing cytoskeletal protein Septin2 
was identified as a high confidence interactor of Dzip1-l. Recently, Septin2 has been 
shown to localize to the ciliary base, and loss of function of the protein affects the 
formation of primary as well as motile cilia (Hu et al., 2010). To verify this interaction, a 
Co-IP will be performed. If the result is true positive, domain deletion constructs of both 
proteins will be made to determine the actual binding region between these two proteins. 
Both DZIP1-L and SEPTIN2 have been tagged. siRNAs will be use to knock-out one 
endogenous protein and check for the localization of the other in a cell assay. A vice-
versa experiment will also be carried out. 
 
Since igu has a complete absence of all primary cilia, it will be interesting to utilize 
microarray to compare various gene expression in this mutant versus wild-type. The 
Foxj1transcription factor is a master regulator of motile cilia (Yu et al., 2008). An array 
to compare foxj1-overexpressed embryos and igu mutants can also be performed to study 
1) whether the primary and motile ciliogenesis have a common pathway that deviates as 
embryogenesis develop and 2) the genes required for motile ciliogenesis.  
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If all these new data are true and proven, it will firmly establish a critical role for the 
DZIP1 proteins in ciliogenesis. These new results will provide evidence that the activities 
of the Dzip1 and Dzip1-l proteins are differentially required for primary and motile cilia 
formation in the zebrafish embryo. The presence of zinc finger and coiled coil domains 
are indicative of their roles in protein-protein interactions. The identity of the interacting 
partners from the Y2H screen and how they collaborate to promote ciliogenesis remains 
to be evaluated. With the microarray work awaiting progress, that in future will 
significantly help us to understand the ciliogenic pathway and various signaling pathways 
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Appendix 1: Buffer/Reagent Makeup 
 Buffer/Medium Components Usage 
1 Phosphate buffer 80% of 0.1M Na2HPO4 and 20% 
of 0.1M NaH2PO4 
Zebrafish fixative 2 Fish Fix 4% PFA, 4% sucrose and 120µm 
of CaCl2 dissolve in 25ml of 
phosphate buffer 
3 PBDT 1% BSA, 1% DMSO and 0.5% 
Triton-X100 diluted in PBS. Store 
at 4oC 
Antibody 
4 Phosphate wash  buffer 0.1M phosphate buffer, 1% 
DMSO diluted in water 
5 Blocking solution 2% sheep/goat serum diluted in 
PBDT 
6 Staining Solution For each reaction: 0.5 ml 0.1M 
phosphate buffer, 0.5 ml of water, 
12.5 µl of 40mg/ml DAB and 10 
µl of DMSO 
7 PBT 0.1% (v/v) Tween20 and 0.1% 
DEPC diluted in PBS. Autoclave 
at 121 oC 
insitu hybridization 
8 Hybe A 10ml HybeB, 50µl tRNA of 
20mg/ml stock, 10µl Heparin of 
50mg/ml and 200µl salmon sperm 
DNA of 10mg/ml (heat at 100 oC 
for 5mins before use) 
 
9 Hybe B 25ml Formamide, 12.5ml 20X 
SSC, 0.5ml Triton X-100. Adjust 
pH to 5.5 with HCl 
 
10 Blocking Reagent 1.25g Blocking reagent (Roche), 
50ml PBT. Adjust pH to 7.5 with 
NaOH 
11 in situ Staining buffer 4ml of 1M Tris pH9.5, 2ml of 1M 
MgCl2, 1ml of 4M NaCl, 400µl of 
10% Triton X-100. Top up to 40ml 
with water 
12 Growth Medium 10% FBS and 1% Penicillin-
Streptomycin (10000U-10mg/ml) 
added to 500ml of DMEM Mammalian cell culture 13 Trypsin 0.125% Trypsin/Versene 
14 Freezing Medium FBS and 10% DMSO 
    
    





    
15 PBST 0.1% (v/v) Tween20 in PBS 
SDS-PAGE, Protein 
analysis 
16 10X Running buffer 250mM TrisHCl, 2M Glycine and 
1% SDS diluted in PBS 
17 Commassie Blue 
staining solution 
50% methanol, 10% acetic acid 
and 0.05% Coomassie brilliant 
blue R-250 (Bio-rad) diluted 
water. Filter to obtain homogenous 
solution 
18 Destaining solution 10% methanol and 5% acetic acid 
diluted in water 
19 IP Buffer 1% Triton X-100, 0.5% NP-40, 
150mM NaCl, 10mM Tris pH7.4, 
1mM EDTA pH8.0, 1mM EGTA 
pH8.0, 0.2mM sodium ortho-
vanadate and 0.2mM PMSF. 
 
Co-IP 
20 Low salt IP Buffer same components as IP Buffer 
without detergent and only 15mM 
NaCl 
21 Low melting agarose 
(LMA) 
1.5% agar and 5 % sucrose diluted 
in water 
 Cryo-sectioning 
22 30% Surcose 30% Surcose diluted in PBS 
